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Nuclear Structure Studies Using ®) 
Gamma-Ray Spectroscopy and Digital oi 
Signal Processing 


S. K. Tandel 


1 Introduction 


Nuclear spectroscopy involves the use of a variety of radiation detectors, typically 
either semiconductor or scintillation ones, to record different types of radiations, 
either charged or neutral particles or photons. A number of different materials have 
been used for radiation detection over the past several decades. New detector mate- 
rials and configurations are being constantly developed and evolved. Traditionally, 
the signals obtained from radiation detectors have been processed using analog 
instrumentation. It was only around the turn of the century that significant strides 
were made in the application of digital signal processing to nuclear spectroscopic 
measurements. The factors driving these developments were the wide availability 
of fast and precise flash Analog-to-Digital Converters (ADCs) and the increasing 
complexity of the measurements required. The former allowed more frequent 
sampling allowing for a better reproduction of the original signal. On account of 
the latter consideration, analog electronics required for a given application, despite 
high-density modularization, were becoming increasingly bulky and expensive. 
Digital pulse processing came in vogue, to begin with, for simpler measurements, 
and gradually moved towards being the solution of choice in many applications. 
This chapter focuses on the detection of photons, both y and x rays, using a vari- 
ety of semiconductor and scintillation detectors, and a state-of-the-art digital signal 
processing (DSP) system. The objective was to accomplish high-resolution energy 
and fast timing measurements concurrently. In applications involving conventional 
analog electronics, energy and time parameters are processed through parallel chains 
of pulse processing units. The implementation of this approach leads to a partial loss 
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of available information and, in complex applications, can become quite demanding 
in terms of space and cost. The initial DSP systems were limited in terms of ADC 
resolution or sampling frequency or both. Limitations in ADC resolution meant that 
the use of DSP with high-resolution detectors was not feasible, and a lower sampling 
frequency constrained their adoption in applications involving detectors with a fast 
time response. With technological developments over the past decade, it is now 
possible to achieve both high-resolution energy and fast timing measurements with 
a DSP system. These capabilities and the applications of the diverse measurement 
techniques with a variety of semiconductor and scintillation detectors used in y-ray 
spectroscopy are described in this chapter, along with the results from the study of 
several physics cases. 


2 Detectors for Gamma-Ray Spectroscopy 


The detection and measurement of y rays emitted from the decay of excited nuclear 
levels is central to nuclear structure studies. These measurements allow for the 
determination of the excited level structure of nuclei, lifetimes of states, their 
angular momentum and parity, and many other properties. Semiconductor detectors, 
wherein a relatively small amount of energy (few keV) is effectively required 
to create charge carriers from the interaction of incident radiation, are preferred 
for high-resolution energy measurements. Examples are silicon and germanium 
detectors, along with materials like CdTe, CZT etc. The amount of energy required 
to effectively generate a charge carrier following the creation of a photon in a 
scintillation detector is usually much higher (few tens of keV or more), leading 
to poor energy resolution for inorganic crystals. Organic scintillators, on account 
of their low atomic number, have a negligible cross section for photoelectric 
interaction, leading to the absence of photopeaks. Many scintillation detectors, 
however, have a faster time response in comparison to semiconductor detectors. 
Consequently, they are preferred for timing applications. Most inorganic scintilla- 
tors also have a considerably higher detection efficiency for y rays in comparison 
to semiconductors [1, 2]. On account of the above considerations, depending on the 
specific application, different types of detectors may be used for y-ray spectroscopy. 
It is highly desirable to have a versatile signal processing system which may be 
employed with a variety of detectors. Further, y-ray spectroscopic studies where 
high sensitivity is required to detect events with low probability, demand either 
large arrays of detectors or multiple segmented ones. Therefore, data from a large 
number of channels have to be handled and processed simultaneously. All of these 
considerations indicate the following preferred characteristics of a DSP system used 
for y-ray spectroscopy: (a) high energy resolution, (b) fast timing capabilities, (c) 
versatility for use with different types of detectors, and (d) ability to process many 
channels of data simultaneously, or scalability for units, each of which may process 
a limited number of signals. 
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3 Digital Instrumentation 


The early forays into DSP for spectroscopic studies were aimed at developing suit- 
able hardware and identifying appropriate algorithms [3, 4]. Once prototype DSP 
systems were constructed, their performance in relation to analog electronics, and 
with respect to each other, was studied [5, 6]. Later efforts focused on tailoring the 
DSP systems to optimize them for use with specific types of detectors, either high- 
resolution x- and y-ray or fast timing scintillation ones [7-9]. For semiconductor 
detectors, the applicability of trapezoidal pulse shaping was demonstrated [10]. 
Refinements in both hardware and software techniques are being constantly realized 
to exploit the full range of capabilities provided by a variety of radiation detectors, 
their configurations and applications. 

Signal processing with analog instrumentation typically involves analog to digital 
conversion at the end of a chain of modules far from the detector. With DSP, the 
conversion to digital is very close to the detector, thus there is minimal loss of 
information. Additionally, in a DSP system, the functionalities of many analog 
modules can be embedded on a single board. DSP is particularly suitable in nuclear 
spectroscopy where multiple parameters like energy, time, pulse shape etc., have to 
be correlated in the same data stream. Further, DSP systems can be designed for 
flexibility of the use of the same hardware into which different algorithms may be 
loaded as required. The DSP algorithms substitute the conventional functionalities 
of analog electronics like the peak-sensing ADC, time-to-digital converter (TDC), 
discriminator and others. While data acquisition with analog electronics typically 
demands the requirement of a trigger (either from an external source or a predefined 
combination of signals from detectors), it is possible to record data either with a 
trigger or in triggerless mode using DSP. The latter ensures that all data are saved 
for further offline analysis. In this case, the data are collected in list mode where the 
digital pulse processing algorithms are applied online by the Field Programmable 
Gate Array (FPGA) which operates on a continuous data stream. As soon as one 
memory buffer is filled with data as per the defined algorithm, these are available 
for being read out, and data continue to be acquired in another buffer. In this manner, 
data acquisition is continually possible even at high count rates. 

The typical sequence of processing in a DSP system is illustrated in Fig. 1. 
As mentioned previously, the analog to digital conversion is performed close to 
the semiconductor detector, immediately after the preamplifier stage. The signal 
is then split and fed to energy and fast timing filters. The energy filter consists 
of a trapezoidal shaper for pulse height analysis. Its output has a flat top, with 
the height being proportional to the amplitude of the input pulse, which in turn 
is determined by the incident energy. A greater width in time of the flat top leads 
to improved energy resolution, but in applications involving high count rates, this 
may result in increased pile-up. Functions like baseline restoration, pile-up rejection 
etc., common to analog electronics, are also implemented. Timing measurements 
involve the determination of the time of arrival of a pulse with respect to a common 
reference. A discriminator receives analog pulses and generates a digital signal, 
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Fig. 1 Scheme of implementation of digital signal processing with a typical semiconductor 
detector. (Figure courtesy: C. Tintori) 


following which a TDC is employed. The digital approach is preferable over the 
analog one where the discriminator may introduce walk or jitter leading to decreased 
resolution. 

The measurements described in this chapter have, for the most part, been 
performed with the DT5730 DSP system from CAEN SpA [11]. Others have been 
performed with large y-ray detector arrays, with either digital or analog electronics. 
With the DSP system, data have been collected using semiconductor [high-purity 
germanium (HPGe) and cadmium telluride (CdTe)] and scintillation [BC501A and 
Nal(T1)] detectors. Various radioactive sources emitting both y and x rays have been 
used. The ROOT data analysis framework of CERN [12] and the Radware suite of 
programs [13] have been used for the analysis. The DT5730 system is a flash ADC 
waveform digitizer. It has 14-bit resolution, a 500 MS/s sampling rate, and eight 
input channels. With time stamps at fixed intervals of 2 ns, there is potential for 
limited time resolution, particularly with detectors which have a fast response. This 
is overcome by online linear interpolation in the FPGA between two time stamps 
around the zero crossing of the Constant Fraction Discriminator (CFD) curve. This 
CFD curve is created digitally within the FPGA and allows for fine stamps separated 
by several picoseconds to be generated in contrast to the coarse time stamps at 2 ns 
intervals. Therefore, both high-resolution energy and fast timing measurements can 
be concurrently realized. 


4 Energy Measurements with Semiconductor Detectors 


Measurements of y rays and x rays where high resolution is required are typically 
performed with semiconductor detectors. The materials of choice are germanium 
and silicon for y-ray and x-ray detection, respectively, on account of the superior 
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energy resolution they offer. Other materials like CdTe, cadmium zinc telluride 
(CZT) etc., may also be used. Some measurements using a Canberra-make HPGe 
detector and an Amptek-make CdTe one with the above DSP system are described 
here. 

In order to achieve precise energy measurements, it is essential that the detector 
response is extremely linear. The linearity needs to be preserved during signal 
processing. The excellent linearity obtained with the HPGe detector and DSP system 
is evident using two standard reference y-ray sources, !°?Eu and !8?Ta, where the 
emitted energies are precisely known. These have been used to validate the linear 
response of the DSP system. The energy (£) is written in terms of a quadratic 
expression of the channel number (JN): 


E=a+bN+cN* (1) 
The values of the coefficients obtained are: a = —0.31, b = 0.33, and 
c= —3.77 x 1078. The extremely small value of the quadratic coefficient attests to 


the linearity of the response. 

HPGe detectors with coaxial geometry, similar to the one employed here, are 
used to detect y rays with energies ranging from several tens of keV to a few 
MeV. Those with planar geometry may be used to detect y rays down to several 
keV. The energy resolution typically obtained with an HPGe detector and analog 
instrumentation is <1% at 0.1 MeV and just over 0.1% in the region of 1.3 MeV. 
Using the DSP system, comparable performance was obtained. This allows for 
discriminating between y rays which may be closely spaced in energy. The 79.6 
and 81.0 keV y rays from the '**Ba source [14] are clearly resolved using an HPGe 
detector with the DSP system. Another example of the advantage provided by good 
energy resolution is visible from the room background spectrum collected with an 
HPGe detector. The 2614.5-keV y ray from the first excited state of 208Pb [14], 
the final isotope in the 77*Th natural radioactive series, has a significant probability 
for interaction through the pair production process. The resultant positron can be 
annihilated leading to the emission of two 511-keV photons. If both of these are 
absorbed in the detector, the full-energy peak is realized. If one or both escape, a 
single- or double-escape peak at 2103.5 or 1592.5 keV, respectively, is visible. The 
1592.5-keV y ray happens to be close to another one with energy 1588.2 keV, also 
from the ***Th series. Owing to the good energy resolution, these two peaks are 
quite clearly resolved. 

A further illustration of the utility of the excellent energy resolution obtained 
is from Doppler broadening measurements of the positron-annihilation peak at 
511 keV. When positrons annihilate with an electron in a medium, this gives rise 
to two 511-keV photons which are emitted in opposite directions. Due to the finite 
momentum of the et — e7 pair, the annihilation energy of the 511-keV photon is 
Doppler shifted by a small amount. Integrating over a large number of such events, 
with different magnitudes and signs of the shifts, leads to a broadened profile for the 
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511-keV photon. It is possible to precisely quantify this broadening on account of 
the high energy resolution obtained with the HPGe detector and DSP system. The 
magnitude of the Doppler broadening is: 


_ 2 2 
AEpp = Ae ~ AE y edicted (2) 


Figure 2a is a spectrum displaying the 511-keV annihilation peak from a **Na 
source and the 662-keV one from a !3’Cs source. The Full Width at Half Maximum 
(FWHM) of various y-ray peaks across a wide range of energy is shown in Fig. 2b. 
The FWHM of the 511-keV peak from this measurement is clearly much greater 
(2.51 keV) than that of a y-ray of a similar energy (1.26 keV, as inferred from 
Fig. 2b) which would be emitted from a nucleus at rest. The inferred magnitude 
of the Doppler broadening is 2.17 keV. The extent of the Doppler broadening of 
the 511-keV peak is utilized in positron-annihilation spectroscopy to study material 
properties, particularly the presence of defects. 
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5 Coincidence and Timing Measurements 


One of the objectives of y-ray spectroscopy measurements is to infer the excited 
level structure of nuclei. For this purpose, coincidence measurements with multiple 
detectors, either of the same or different types, need to be performed. The correlation 
in time or lack of it allows for inferring whether or not radiations are emitted 
in sequence (cascade). The coincidence relationships between different transitions 
(e.g. y rays) and the relative intensity of each of them is used to construct a level 
scheme which delineates the location of the energy levels and the transitions feeding 
or deexciting them. Examples of such coincidence measurements using HPGe and 
CdTe detectors, along with the DSP system, are described. 


5.1 Energy Correlations 


Coincidence data of photons (both x and y rays) emitted from a °’Co source were 
recorded using HPGe and CdTe detectors, and the DSP system. The radioisotope 
57Co undergoes electron capture decay to the second excited state in °’Fe, which 
has two decay branches: (a) a 136.4-keV transition to the ground state, and (b) a 
122.0-keV y ray to the first excited level, and subsequently a 14.4-keV one to the 
ground state (Fig. 3a). The 14.4-keV transition, due to its low energy, proceeds 
mostly by internal conversion, and only partly through y-ray emission. The 122.0- 
and 136.4-keV transitions, on the other hand, have predominant y-ray emission [14]. 
The energy thresholds for detection of photons in the CdTe and HPGe detector were 
few keV and few tens of keV, respectively. Consequently, the 14.4-keV y ray and 
the 6.4-keV Fe-Ka x ray, which is emitted as a natural consequence of electron 
capture and internal conversion, could only be recorded in the CdTe detector. The 
higher-energy photons could be observed in both detectors. 

The data collected were used to validate the implementation of the coincidence 
technique in the DSP system as follows. A gate was set on the 6.4-keV Fe-Ka line 
in the CdTe detector (Fig. 3b). As expected, both the 122.0- and 136.4-keV y rays 
are visible in coincidence in the HPGe spectrum. In Fig. 3c, with a gate on the 
14.4-keV line in the CdTe detector, only the 122.0-keV y ray is visible in the HPGe 
spectrum since the 136.4-keV one is not in coincidence. This example provides a 
simple validation of the coincidence measurement using the DSP system. 

The decay scheme of the radioisotope '**Ba, which undergoes electron capture 
decay to !3Cs, offers a somewhat more detailed validation. The following y rays, 
with energies in keV, are emitted: 53.2, 79.6, 81.0, 160.6, 223.2, 276.4, 302.8, 356.0, 
383.8 [14]. The relevant level scheme is presented in Fig. 4a. To illustrate that gating 
on different energies allows for identifying which y rays are in coincidence with 
others, spectra were generated with gates on the 302-, 356- and 383-keV y rays 
recorded in the HPGe detector. The low-energy y rays and x rays visible in the 
CdTe detector are shown in Fig. 4b—d. As expected, the Cs K x rays are visible in 
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all spectra. Consistent with the established level scheme, the 53- and 81-keV y rays 
are seen to be coincident with the 302-keV transition (Fig. 4b). With a gate on the 
356-keV y ray (Fig. 4c), only the 81-keV line is visible, since the 53-keV one is 
not coincident. On the contrary, only the 53-keV line is visible with a gate on the 
383-keV y ray since the 81-keV one is not coincident (Fig. 4d). In this manner, 
the validity of the coincidence measurements performed with the DSP system is 
demonstrated. 


5.2. Time Resolution and Lifetime Measurement 


In addition to the high-resolution measurements possible with the 14-bit resolution 
of the DSP system, the 500 MS/s sampling frequency, and the use of interpolation 
algorithms, allowed for fast timing studies. This has particular utility in the case 
of scintillation detectors, some of which have a fast time response. A test of the 


Nuclear Structure Studies Using Gamma-Ray Spectroscopy and Digital Signal. . . 9 


Fig. 4 Coincidence 133 B: 
measurement using HPGe a 
and CdTe detectors, and a (a) 1/2* 0 
133Ba source: (a) Electron 
capture decay of !*3Ba EC 
leading to !53Cs. Spectra 
obtained with gates on y rays 1/2* 437 
recorded in the HPGe 3/2" 53 384 
detector: (b) 302 keV, (c) | | ° 
356 keV, and (d) 383 keV 276 | pe 
303 | 
5/2* 384 | | 161 
T 
+ 80 
5/2 <§6l hee 81 
mw Ue UY BO 
133 Cs 
2000F * FE A pea aaa 
‘ (b) Gate: 302 keV 
1500}- 4 
1000}- | 
= = 
500+ x 2: =) 4 
ORY “+ + + * — st 
4000} x (c) Gate: 356 keV ~ 
2 3000} | 
= 
5 2000}- eo 4 
1000} nl 7 4 
OR SS 
600 x (d) Gate: 383 keV 
500} } 1 
400} 4 
300} 4 
200} zz N 4 
100}- A a | 
Oke” VL. AW, c —| 
20 30 40 SO 60 70 80 90 
Energy (keV) 


performance of the DSP system in the sub-nanosecond time range was performed 
through a coincidence measurement using two liquid scintillation, BC501A detec- 
tors, and a Co source, which emits two coincident y rays of energy 1.17 and 
1.33 MeV [14]. The mean decay time of the fast scintillation component from the 
BCSO1IA detector is 3.2 ns, thus fast coincidence measurements are possible. 

With the sampling frequency of 500 MS/s of the DSP system, time stamps 
spaced with 2 ns intervals are obtained. To exploit the advantages of the fast time 
response of BC501A, BaF? and other detectors, a linear interpolation was performed 


10 S. K. Tandel 


Fig. 5 Time resolution 150F * ‘ ' ral 
measurement with two: (a) (a) : 

BCSOIA liquid scintillation BCS01-BCS01 0 = 230 ps 
detectors and the use of fine 
time stamps from the DSP 
system. (b) Nal(T1) 
scintillation detectors and 
coarse time stamps associated 
with the sampling frequency. : 
Note the picosecond time SOF 1 
scale on (a) and the 
nanosecond one on (b) 


100} 4 


Counts 


0 


—| 


4 4 4 4 of 
-1200 -600 0 600 1200 


Time (ps) 
8067 ; — rs 
Nal-Nal o=5ns 
a 60} 
= 
x 
» 40 
c 
a 
°o 
© 20 
O} = 
-800 -400 0 400 800 
Time (ns) 


between two time stamps in the region of zero crossing of the Constant Fraction 
Discrimination (CFD) curve. A simple interpolation method was utilized since 
more complex calculations were unfeasible to implement online in the FPGA. With 
this interpolation, it was possible to obtain fine time stamps spaced by 10 ps, as 
compared to those at 2 ns intervals characteristic of the sampling frequency. More 
details about the method may be found elsewhere [15]. 

The time resolution obtained in the coincidence measurement with two BCSO1A 
detectors and a ©°Co source was o = 230(10) ps (Fig. 5a) which compares well with 
the 205(6) ps obtained with analog electronics [15]. In this instance, the fine stamps 
obtained through the interpolation procedure mentioned earlier, were utilized. With 
the use of coarse time stamps, a time resolution of o = 5 ns was obtained using two 
Nal(T1) detectors and the ©°Co source (Fig. 5b). This underscores the importance 
of using appropriate software techniques, along with hardware capable of fast 
sampling, to exploit the full capabilities of detectors with a fast time response. 

Another important aspect of y-ray spectroscopy is the measurement of lifetimes 
of excited levels. Lifetimes constitute a measure of the transition probability for the 
decay from a higher to lower excited state and, therefore, aid in the understanding 
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of the nature of the associated wavefunctions. Using the DSP system and the time 
stamps on each of the detected y rays, it was possible to histogram the difference 
in time of two specific coincident y rays detected at various points in time. The 
convolution of these time differences forms an exponential, which when fitted, 
allows for the extraction of the lifetime of the level intermediate between the feeding 
and deexciting transitions. Such a measurement was performed using two Nal(TI) 
detectors and a *’Co source. The time difference between the 14.4- and 122.0-keV 
y rays (Fig. 3a) is displayed in Fig. 6. The half-life for the first excited state in °’Fe 
is inferred to be 98.4(1) ns, in agreement with the value in the literature. Improved 
precision is obtained through the present measurement using the DSP system. 


6 Selected Results on Nuclear Structure Studies 


The y-ray spectroscopic techniques described above prove to be quite useful 
in obtaining an understanding of various aspects of nuclear structure. Typical 
experiments involve y-ray coincidence measurements with large arrays of high- 
purity germanium detectors, since many excited states are populated, each of 
which decays by y-ray emission. Data on y-ray energies, along with various time 
parameters, are recorded, usually with hundreds of millions of coincidence events, 
and are subsequently sorted offline. Histograms of up to four dimensions, involving 
energy and time parameters, are generated from the raw data and analyzed to extract 
the desired nuclear structure information. Some of our recent results on metastable 
states in nuclei (also known as isomers) and nuclear shapes are described below. 
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6.1 Nanosecond Isomers in Pt Isotopes 


Isotopes of Pt, with even mass numbers, viz. !97!94-196-198pt, were studied through 
the population of excited states up to high angular momentum, and detecting y rays 
emitted in their decay. The level structure of these isotopes was established up to 
angular momentum, J = 26 h, and the half-lives of isomers were measured. Gamma- 
ray spectra were generated from a histogram consisting of at least three y rays in 
any given coincidence event. To inspect which y rays are observed in time-correlated 
coincidence with others, conditions were set such that if two energies of interest are 
recorded in any two detectors, the y rays recorded in any of the other detectors in the 
array could be isolated. Following this procedure for all possible combinations of 
y rays of interest, and taking into account the intensity of the photopeaks obtained 
through Gaussian fitting and appropriate efficiency corrections, the level structure of 
the isotopes was determined. Typical y-ray spectra for !°?Pt and !°*Pt are displayed 
in Fig. 7. Additionally, the half-lives of the states with spin-parity, J" = 127, were 
measured using the centroid-shift technique [16]. This involves the determination 
of the centroid of the distribution of the difference in time between the y rays de- 
exciting and feeding the isomer. The value of this centroid is then compared to the 
one obtained for two y rays with similar energies across a short-lived level (with 
a half-life in the range of picoseconds). The difference in time of the location of 
the two centroids with respect to each other corresponds to the mean life of the 
isomer. The half-lives of the /* = 12* states in !°-!°4Pt determined in this manner 
[T1/2 = 2.8(3) ns and 6.6(6) ns] are illustrated in Fig. 7 [16]. The isotope !°°Pt was 
also similarly studied and y rays from the decay of excited states in this nucleus 
are displayed in Fig. 8. The half-life of the 12+ state in !9°Pt was determined using 
the centroid-shift method described above, and also by fitting the distribution to a 
convolution of Gaussian and exponential functions as, shown in Fig. 8. The values 
obtained using the complementary methods were quite similar: 7). = 7.7(7) ns 
[17]. 

The level structure determined for isotopes of Pt could be used to infer the 
contributions to the total angular momentum from individual nucleons as opposed 
to that from the collective rotation of the nucleus. When the angular momentum 
contributed only by the individual nucleons is examined as a function of the 
rotational frequency of the nucleus, it is evident that similar behavior is observed for 
all three isotopes !97-!94-!96pt, indicating that the same underlying phenomena are 
at play i.e., the breaking of a pair of neutrons due to the Coriolis force on account of 
the rotation of the nucleus. The measurement of lifetimes of the 127 states in even- 
mass Pt isotopes, which deexcite through electric quadrupole (£2) y rays to the 
lower-lying 10* levels, allows for an inference of the associated reduced transition 
probabilities [B(E2)]. The magnitude of B(E2) with respect to the single-particle 
value is a measure of the extent of collective behavior in the nucleus. It can be seen 
from Fig. 9 that the B(E2) values for the y rays from the 2* to the 0* ground states 
gradually reduce with an increase in neutron and mass number. The corresponding 
values for the E2 y rays from the 12* states, however, exhibit a quite different 


Nuclear Structure Studies Using Gamma-Ray Spectroscopy and Digital Signal. . . 13 


100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 
Energy (keV) Energy (keV) 


Counts 


-40 -20 0 20 40 -40 -20 0 20 40 
Time (ns) Time (ns) 


Fig. 7 Gamma rays observed from the decay of excited levels in !°?Pt and !°4Pt. The half-lives 
measured for the states with spin-parity 12+ in these isotopes, using the centroid-shift method, are 
also indicated 
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Fig. 8 Gamma rays from !96pt, and the half-life of the 12+ state determined by fitting the 
convolution of Gaussian and exponential functions 
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Fig. 9 Reduced electric Mass number 
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behavior, with an abrupt drop indicated for higher mass numbers, reaching close to 
the single-particle value, and indicating a loss of collective behavior. 


6.2 Microsecond Isomer in !°°Hf 


The region of the nuclear chart with mass number A ~ 180 and atomic number 
Z = 70-76 is characterized by the presence of nuclear isomerism resulting from the 
symmetry associated with the projection of the intrinsic nucleon angular momentum 
along the symmetry axis of an axially-symmetric, deformed nucleus (denoted by 
K). The resultant states with long half-lives are termed K isomers. The nucleus 
180Hf (Z = 72) is a classic example of K isomerism, with several such states 
identified [18]. The K-isomeric state with spin-parity 127 is discussed here. This 
isomer is found to de-excite through four distinct y-ray branches of 222, 539, 832 
and 1100 keV which have electric dipole, electric dipole, magnetic quadrupole and 
electric octupole multipolarity, respectively, as shown in Fig. 10. The half-life of 
the 12* state was determined by constructing several matrices with energy and time 
difference between distinct y rays on the two axes, along with the selection of a 
specific y ray which is coincident with those incremented in the matrix. The time 
difference of y rays feeding and de-exciting the isomeric state were histogrammed 
and fitted to an exponential function (Fig. 10, top left), and the half-life of the 
12+ state was inferred to be 0.94(11) js. This state has been associated with the 
excitation of two protons and two neutrons [18]. 
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Fig. 10 A partial level scheme of !8°Hf illustrating the established isomeric states. The measured 
half-life of the 12+ state is displayed on the top left 


6.3 Metastable State in 2"TI 


Nuclei in the vicinity of the doubly-closed shell nucleus, 7°°Pb (Z = 82, N = 126), 
exhibit the presence of metastable states owing to energy-adjacent nucleonic orbitals 
which have a large difference in their intrinsic angular momentum. The decay of 
excited states which result from the occupation, by individual nucleons, of such 
orbitals, is hindered by the angular momentum selection rule, on account of its 
required large change. The y rays de-exciting such states have a high multipole order 
and consequent small transition probability. The associated levels are, therefore, 
found to have metastable character. Tl isotopes (Z = 81) exhibit such metastable 
states at both low and high excitation. Excited states in *°°T] were studied up to 
angular momentum, J = 20h [19]. Many y rays, which were previously unobserved, 
are placed in the level scheme of *°*TI, as shown in Fig. 11. All the y rays above 
the 77 state at 950 keV were determined to have long-lived feeding in the range 
of hundreds of microseconds. The long half-life was attributed to the state with 
spin-parity, J” = 20*. The value of the half-life was determined by inspecting the 
variation in integral counts of several de-exciting y rays as a function of time. An 
example is shown in Fig. 11, where the integral counts for the 134-keV y ray de- 
exciting the 12~ level are fitted to the appropriate exponential function. A value of 
T\2 = 215(10) us is determined for the 20* state at 4148 keV (Fig. 11). This state 
is inferred to be realized from the excitation of one proton and three neutrons, and 
the long half-life is attributed to the relatively low-energy 286-keV y ray carrying 
angular momentum of three units [19]. 
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Fig. 11 Excited levels in 
2027] which are fed in the 
decay of the 20* metastable 
state with half-life, 

T12 = 215(10) ws (top 
panel). Measurement of the 
half-life of the 20* state in 
2027] by fitting the variation 
of integral counts of the 
134-keV y ray as a function 
of time (bottom panel) 
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6.4 Octupole Deformation in 2?! Th 


Isotopes of nuclei in the vicinity of closed shells of protons and neutrons are near- 
spherical in shape, while those far removed from such regions are found to be 
deformed. Most isotopes in the nuclear chart are deformed, with the deformations 
ranging from quadrupole (ellipsoidal) to octupole (pear-shaped), and higher-order 
ones. While quadrupole deformations are observed across the entire nuclear chart, 
octupole shapes are evident only in specific regions. The region where octupole 
deformation is most pronounced is the Ra (Z = 88) — Th (Z = 90) region 
around mass number, A = 220. This is due to the presence of both proton and 
neutron orbitals which differ by three units in both orbital and total intrinsic 
angular momentum. Octupole deformed states were established in 7! Th [20]. Since 
this isotope has moderate quadrupole deformation as well, the level structure is 
characterized by rotational bands, with the associated levels connected by intraband 
y rays with electric quadrupole character. Further, rotational bands with both 
positive and negative parity are observed, which are linked by interband y rays with 
electric dipole character. The measured ratio of intensities of these two types of 
y rays, along with their associated energies and angular momentum of the states 
involved, lead to an inference of electric dipole moments for the levels in the bands, 
as illustrated in Fig. 12. The magnitude of the electric dipole moments is an indirect 
measure of the extent of octupole deformation of the nucleus. A visualization of 
such a rotating octupole deformed nucleus is also shown in Fig. 12. 


7 Summary 


The utility of digital signal processing in different aspects of y-ray spectroscopy 
with various semiconductor and scintillation detectors has been demonstrated 
with the highlight being the concurrent realization of high-resolution energy and 
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fast timing measurements. The performance of the digital system is found to 
be equivalent to that of conventional analog electronics, but with a much lower 
cost and footprint. The versatility of the DSP system is evident in terms of the 
performance obtained with high-resolution semiconductor detectors like HPGe and 
CdTe, and fast timing ones like BCS01A. The linearity is found to be excellent 
and the energy resolution comparable to that obtained with analog electronics. 
Coincidence measurements allow for correlations in time to be established between 
y rays emitted from radioactive sources, and excited level structures of nuclei to be 
deduced. Time resolution up to nanoseconds is obtained using the characteristic 
sampling frequency and up to picoseconds through online interpolation within 
the FPGA. A precise lifetime measurement has also been performed using the 
DSP system. The suitability of the digital approach to processing signals from 
nuclear radiation detectors for spectroscopic studies is established. The structure 
of numerous nuclei has been studied using the above mentioned techniques. 
These range from nanosecond isomers in the oblate-deformed Pt isotopes, to K 
isomers in the prolate-deformed !8°Hf. Additionally, a metastable state in the 
near-spherical *°°T1 has also been identified. The level structures of these nuclei 
have been established through high-fold coincidence measurements involving the 
simultaneous detection of multiple y rays in a large array of high-purity germanium 
detectors. Different techniques have been utilized for determining the half-lives of 
the above states like the centroid-shift method, fitting a convolution of Gaussian 
and exponential functions, or alternatively only an exponential function, with either 
decay or growth. These measurements have yielded important physics insights 
about the phenomena associated with the excitation of these nuclei. Additionally, 
octupole-deformed shapes have been investigated in the isotope 7!Th, and the 
intrinsic electric dipole moments have been inferred. These studies illustrate the 
wide applicability of the y-ray measurement techniques described in this chapter. 
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1 Analytical Methods 


In 1979, the Nobel Prize in Physiology or Medicine was awarded jointly to 
Allan M. Cormack and Godfrey N. Hounsfield “for the development of computer- 
assisted tomography.” In a finite region of a plane, a real function is derived 
when line integrals along all straight lines intersect the region. From today’s 
perspective, most people are familiar with Cormac’s outstanding achievements [1], 
which had a stronger impact in the Radiology realm. However, Dr. Cormack also 
demonstrated how to determine the distribution of positron annihilations when there 
is an inhomogeneous distribution of the positron emitter in the matter. From a 
mathematical point of view, an unknown, suitably restricted, real function x exists in 
a finite two-dimensional domain D and is zero outside D, when the line integrals of x 
intersecting D are known. After the invention of PET-scanners, the implementation 
of the inverse Radon transform has intuitively been reconsidered to reconstruct 
radioactivity distribution (images) from coincidence events (projection data). 
Based on the central slice theorem [2], we know the Radon transform is 
closely related to the Fourier transform. Specifically, 2D Fourier transform of 
the image x along a line at the inclination angle a is the Fourier transform of 
the Radon transform (acquired at angle a). This fact can be used to compute 
inverse Radon transform. However, no matter how many measurements we use, 
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Fig. 1 Analytical methods: simple back-projection of point source 


we will still be unable to perfectly recover our image using pure back-projection. 
As shown in Fig. 1, backprojecting in a few directions is a wildly inaccurate way of 
recovering a simple point source. However, even if we increase the number of back- 
projections, the result is still significantly blurry. Instead of direct back-projection, 
the filtered back-projection (FBP) is the most commonly used inversion formula for 
the Radon transform that will allow us to recover image x. 

Since the FBP algorithm is linear (2x uptake = 2x intensity in image), the 
reconstructed images are straightforward to interpret. As recommended by the 
NEMA standards [3], the spatial resolution of different PET scanners is measured 
by FBP reconstruction results of a point source, which are independent of activity 
distribution in the background. Moreover, FBP is computationally fast and easy to 
implement. We can trade off bias vs. variance of reconstructed images by tuning the 
filter window. 

However, clinical PET scanner typically shows increased noise levels compared 
to other modalities, such as CT and MRI, due to the limited injected dose or 
scanning time. For instance, a high flux of X-ray photons roughly gives rise 
to 0.1% noise in the images, whereas PET, with fewer photons, typically has 
noise levels of about 10% [4]. The noise from the emission/listmode data was 
inevitably propagated into the reconstructed images through FBP linear operator. 
In addition, the inherent properties of PET scanner with ring detection architecture, 
such as non-uniform spatial resolution and angular-dependent efficiency, would 
generate non-isotropic patterns in the image reconstruction [5]. Although some pre- 
calibration could be used to minimize streak artifacts in the FBP reconstructed PET 
images, the image quality would be compromised in clinical practice. Considering 
the quantitative reconstructed images of a PET system directly impact the clinical 
outcome, FBP with sinogram correction is not widely used compared with model- 
based PET image reconstruction techniques. 
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2 Model-Based Methods 


FBP is one type of inverse Radon transform, but it does not consider the noise 
distribution in the measurement domain and spatial and temporal heterogeneity 
of the system response. Therefore, the reconstructed images of FBP suffer from 
considerable noise. Model-based PET reconstruction algorithms can be decoupled 
into three main components: the noise model of the Poisson process, the system 
model of the photon detection process, and image prior model (Fig. 2). 


2.1 Noise Model of the Poisson Process 


An accurate statistical model of measurements is an essential topic for model- 
based PET image reconstruction. Since the number of decays in a given time are 
Poisson distributed, the statistical assumption of the coincidence measurements 
based on the Poisson model has been studied extensively in the past few decades. 
In practice, Poisson statistics may be corrupted with electronic noise and physical 
effects. Beside the Poisson model, the negative binomial distribution model [6] 
and Gaussian model [7] are used for pre-corrected projection and low-count data, 
respectively. The discussion about the PET detection system’s stochastic nature is 
beyond this chapter’s scope. Readers can find more information in previous studies 
[8, 9]. 

Suppose the unknown object is represented by PET activity image x € 
where WN is the number of voxels. For detector pair i, the conditional expectation 
value y; given x is defined as 
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Fig. 2 Model-based PET image reconstruction pipeline 
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N 
y= Drs: (1) 
j=l 


where pjj € IR™ <N denotes the probability of detecting emission photon from pixel 
DIEU, ...,N], at detector pair i, i ¢ [1, ...,M]. The conditional probability for y; 
is 
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Since each detector pair is statistically independent, the probability for the entire 
detection system is 
N Yi 
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Prob(Y|X) is also known as the likelihood function. To obtain the emission 
distribution from measurement, the expectation-maximization (EM) algorithm is 
proposed to produce a sequence of estimates of x that converges to XL. 


arg max Prob (Y|X) = XML (4) 
x 


In the early 1980s, maximum likelihood expectation maximization (MLEM) algo- 
rithms [10, 11] were developed for PET reconstruction. Unfortunately, EM methods 
suffered from noise propagation from the measurements. To mitigate image noise, 
early stopped is used before it has converged. Later, Hudson and Larkin [12] pro- 
posed order subset expectation maximization (OSEM) and considerably decreased 
the reconstruction time. Some evidence [12, 13] shows that, compared with FBP 
and MLEM, OSEM gave the best contrast at the cost of increased noise. 


2.2 The System Model of the Photon Detection Process 


In the past few decades, evolving innovations in instrumentation have improved 
the timing resolution, spatial resolution, and system sensitivity of PET scan- 
ners. To achieve high-precision quantitative images, the point-spread-function 
(PSF), time-of-flight (TOF) characteristics, depth-of-interaction (DOD, and several 
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physical corrections (random/scatters/attenuation correction and detector dead- 
time/normalization correction) are developed. 
Typically, the measured data can be represented as the sum of three components: 


Y=Prorx+s+r (5) 
where Pror x is the true coincidence, s € IRM!) denotes the expectation of 
scattered events, r € RM <! denotes the expectation of random events. Progr is an 
M x N system matrix that can be factored as follows: 


Pror = DNAGrorRM, (6) 


where D, N, and A are diagonal M x M matrices that account for detector dead- 
time, system normalization, and attenuation correction factors, respectively. Gror is 
an M x N matrix that defines the geometrical relationship between the source 
volume and the detector pairs. R and M are N x N matrices that can model 
the effects of spatial resolution and motion deformation. It is worth noting that 
a different factorization scheme of resolution modeling could be applied in the 
projection domain. Except for attenuation and dead-time factors, the rest of the 
components are independent of the object, which could be precalculated. Moreover, 
these computations are very fast, considering each component is very sparse after 
factorization. 


¢ Random correction: Random coincidences are a direct consequence of having 
a large coincidence timing window. Either a delayed coincidence window or 
(qualified) singles rate could be used to estimate mean randoms in each line-of- 
responses (LORs). Modern scanners allow the acquisition of separate channels 
from the prompt and delayed coincidence. If only the random precorrected data is 
feasible to collect, exact log-likelihood is intractable. Fessler and his colleagues 
introduced a “shifted” Poisson model [14, 15], which matches both the model’s 
first- and second-order moments to the underlying statistics of the precorrected 
data. Compared with real-time random subtraction that destroys the Poisson 
statistics [16], post-processing the random estimate could mitigate the variance. 
The simplest form of variance reduction is to smooth the delayed data. A more 
accurate method of variance reduction [17] could be derived by using the two 
LOR fans and dividing by the mean value of all possible LORs between two 
opposite detector groups. 

¢ Scatter correction: As E.J. Hoffman said, “scatter is the enemy,” especially 
for the recently developed long axial field of view (AFOV) PET scanners. 
Extended axial coverage increases sensitivity and dramatically lifts scatter frac- 
tion, S/(S + T), because there are fewer true coincidences and more substantial 
object attenuation at larger ring differences. According to anthropomorphic 
phantom simulation [18], the scatter fraction increased from 28% of the 25 cm 
ring difference to 50% at the largest ring difference (200 mm). Compared 
with random estimates, the acquisition system cannot collect scatter estimates 
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directly. Furthermore, the reconstruction method described above requires the 
mean scatter sinogram to be known beforehand. A scatter sinogram can be 
estimated using different ways, such as convolution [19, 20], the dual energy 
windows [21, 22], analytical methods [23, 24], the Monte Carlo simulation 
[25, 26], and deep-learning based methods [27, 28]. Among several existing 
approaches for robust scatter estimation [29], most PET scanners employ a single 
scatter simulation with tail-fitting scaling for compensating multiple scatter 
photons. The preparation and tail-fitting scaling process are illustrated in Fig. 3. 
Currently, deriving accurate scatter estimates in a less computationally intensive 
way remains challenging. The non-trivial multiple scatters directly impact the 
estimation of kinetic parameters, especially for voxel-based statistical analysis. 
¢ Dead-time correction: PET detector requires a minimum amount of time to 
deal with each incoming event. Since radioactive decay is a random process, 
there is a certain probability that more than two events will occur within this 
minimum time. As an extreme case, the long axial PET encounters a huge 
number of singles in a short period. To improve quantitative accuracy, the dead 
time correction model is crucial at a high activity or dose rates. For a given 
scanner geometry and acquisition system, the nonlinearity of system response 
depends on the scintillator material and the distribution of activity inside and 
outside the FOV. The relationship between the incident rate and output rate 
could be built using calibration acquisitions [30-33]. It should be noted that the 
dead time is modeled before energy qualification [34]. In other words, singles 
rate before lower energy-level discriminator (LLD) should be used in deadtime 
correction. During calibration, similar to upsampled scatter sinogram, singles 
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Fig. 3 Commonly used scatter correction framework in PET image reconstruction 
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rates were fitted with paralyzable or non-paralyzable model [35] at a block- 
pairwise level. 

¢ The attenuation correction (AC) factor is multiplicative and can easily be 
incorporated into the EM updates. As shown in Eq. (6). A (attenuation) is a 
diagonal M x M matrix that contains the attenuation correction factors. For 
PET/CT scanners, aligned CT attenuation information could be converted to 
linear attenuation values at 511 keV via a bilinear transformation [36, 37]. 
For PET/MR scanners, template-based approaches, Atlas-based approaches, 
sequence-based approaches, and state-of-the-art deep learning-based approaches 
could synthesize |1-map [38, 39]. Besides CT and MRI images, some existing 
methods, such as MLAA [40] and LYSO intrinsic radiation [41], can be used for 
whole-body PET AC. Unfortunately, the jt-map cannot be uniquely determined 
from emission data, even with TOF information. Therefore, the challenge of 
achieving accurate attenuation in PET reconstruction remains an open question, 
particularly in the absence of co-registered CT images. 

¢ Normalization refers to the process of correcting for differences in the sensitivity 
of the detector element. This is typically done through a series of calibration 
scans [42]. In order to model the system completely, a group of component- 
based normalization methods [43, 44] is proposed to break down the complicated 
physical effects into separate components, such as intrinsic detector efficiency, 
block profile factors, geometric factors, misalignment factors, etc. A correction 
factor is calculated for each component based on the measured data. Ideally, 
an accurate normalization (diagonal M x M matrix) could compensate for the 
solid angle effect and crystal non-uniformity, which can cause variations in the 
measured activity concentrations across the image. 

¢ The geometric projector is used in PET reconstruction to map the predefined 
(grid or blob) image space onto measurement space. Several different (ray- 
tracing) methods can be used to calculate the probabilities of photons produced 
by source volume and caught by a pair of detectors. There are three principal 
approaches, such as single-ray tracing [45], multi-ray tracing [46], and tube- 
of-response [47], each with its advantages and disadvantages. Most of the 
computation time is spent executing the forward and backward projection in 
each EM iteration. The choice of which method to use depends on the specific 
requirements and goals of the reconstruction, such as the desired level of 
accuracy, computational efficiency, and flexibility. 

¢ Resolution modeling, also known as point-spread-function (PSF) modeling, 
aims to model the geometrical and detection physics components that degrade 
resolution within the reconstruction algorithm, such as positron range, photon 
noncollinearity, photon penetration, inter-crystal scatter, and discrete sampling, 
etc. [48-50]. Benefits from small crystals and SiPM (silicon photomultipli- 
ers) size, the intrinsic spatial resolution PET scanners have been substantially 
improved in the past few years [49, 51]. PSF modeling aims to create a 
more accurate and detailed source distribution of smaller structures. It can 
be performed by incorporating prior knowledge about the spatial resolution 
characteristics of the PET scanner into the system matrix. There are several 
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ways to do this [52-54]. One common approach is image-domain PSF, though 
projection-domain modeling is theoretically appealing. Image-domain PSF mod- 
eling methods are particularly suitable for list-mode reconstructions, as all 
blurring operations are independent of the numbers of LORs. It is worth noting 
that resolution recovery slows down the convergence speed, and the number of 
iterations is comparatively higher than its counterpart without PSF modeling 
[55]. It is important to note that the steps involved in applying projection-based 
PSF in PET reconstruction can vary depending on the specific PET scanner and 
software used. 

¢ Motion correction can reduce image blurring and motion artifacts, which 
can improve the accuracy and diagnostic value of PET images. The 
first step of motion-compensated PET image reconstruction is acquiring 
cardiac/respiratory/gross body motion signals from external devices or data- 
driven methods. Let’s say the measured data y can be divided into K gate. y*, 
k €[1,2, ...K] is the kth gate and y* be the expectation of the measurement. 
The expectation y* is related to the reference gate PET image x through 
y< = DNAGToFR- M (x, 0x) + se + re, sx € RMX! and rm € RMX! 
denote the expectation of scatter and random events for the kth gate. And 0x is 
the deformation field from the reference gate to the k'" gate. The second step is 
to estimate the motion field from a gated PET scan. To obtain an optimized 0;, 
an appropriate similarity metric, regularizer, and local invertibility should be 
considered [56]. Usually, motion-compensated reconstructions were performed 
by running nest iteration [57]. One outer update contains several inner iterations 
for deformation field estimation either from the neural network [58] or the 
iterative approach. 


Overall, the quantitative accuracy of the PET scan depends on careful system 
modeling. Modern PET scanners have hundreds of thousands of tiny crystals with 
<500 ps TOF resolution, which not only pave the way to achieve high performance 
but also present challenges for the accurate system model. 


2.3 Image Prior Model 


Pure maximum-likelihood (ML) methods tend to overfit the data, resulting in 
images with high noise levels. Therefore, both MLEM and OSEM suffered from 
excessive noise propagation, particularly in low-count data situations with limited 
information. To overcome this limitation, prior models are introduced to PET image 
reconstruction to improve image quality (Fig. 4). One typical type of them are 
the regularized image reconstruction method [59-62]. The likelihood function and 
image prior are combined to compute a maximum a posteriori (MAP) estimate of 
the image: 


Xmap = arg max[L (y|x)) — BU(x)] (7) 
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Fig. 4 Prior model in PET image reconstruction 


Earlier image prior models, U(x), relied on modifications of the Markov random 
field, which is defined on pair-wise cliques of neighboring voxels. A global 
maximum of the above objective function through nonlinear optimization encour- 
ages image voxels to be similar to their neighbors. When a larger 6 is applied, 
Bayesian methods tend to produce blurry images. To address this issue, other non- 
quadratic (convex) edge-preserving models [63-65], such as total variation (TV), 
p-Gaussian function, and patch-based penalties, were proposed to preserve sharp 
edges. Although these image priors have proven to be valuable and convex, they are 
based on heuristically designed models with limited ability to distinguish an edge 
from noise. In order to produce even sharper intensity transitions, non-convex priors 
have also been proposed while it is hard to optimize. The solutions are usually local 
maxima, which are inherently discontinuous. 

Rather than implicitly modeling image boundaries, fairly accurate anatomical 
boundaries could be revealed in high-resolution MR or CT images [66]. Since the 
spatial distribution of a radioactive tracer should be associated with anatomical 
structures, anatomical information from a co-registered CT or MRI can be applied to 
build an appropriate prior model. The specific form of these priors highly depends 
on the anatomical images. One challenge is the existence of mismatches between 
different modalities that measure different morphological or functional information. 
In the early days, the segmentation-based approaches could encourage boundaries in 
the functional image or smoothness within the anatomical regions. For example, A- 
MAP [67] promotes piecewise smoothness on grey matter and uniformity on white 
matter. Moreover, various segmentation-free anatomical priors have been developed 
to tackle mismatch problems, such as Bowsher prior, the joint entropy prior, and the 
level-set prior [68-71]. 
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No matter which prior model is used, a fundamental problem is the selection 
of the hyperparameters, 6, in regularized PET reconstruction. The regularization 
strength is typically determined empirically. In order to alleviate user intervention, 
a cross-validation log-likelihood (CVLL) method was proposed to select the optimal 
regularization strength, yielding images that balance the resolution and noise [72]. 
Recently, a bootstrap method [73] has been developed to calculate the penalty 
strength on-the-fly during the reconstruction automatically. Both methods were 
shown to provide good values of penalty strength across a range of noise levels. 


3 Data-Driven/Learning-Based Methods 


Although model-based PET reconstruction involves physics, statistical model, or 
regularization, roughness penalties based on “human-defined” signal models do not 
fully represent actual prior data. Therefore, it may lead to suboptimal performance 
and less accurate results when the data does not fit well with predefined models. 
Additionally, model-based methods, e.g., Monte Carlo-based methods, can be 
computationally intensive. In contrast, data-driven based methods use machine 
learning algorithms to learn patterns and features directly from the data without 
relying on predefined models or assumptions. As a result, data-driven approaches 
are often more efficient and flexible, allowing them to suit the specific needs of 
the reconstruction task. Overall, data-driven methods offer improved image quality, 
reduced noise, and the ability to incorporate “real” prior information into the PET 
reconstruction process. 


3.1 Dictionary Learning and Kernel-Based Methods 


An alternative is to find the appropriate signal models by learning from existing 
images. These methods can be classified as dictionary learning and kernel-based 
methods (Fig. 5). The dictionary learning based image reconstruction approaches 
[74-76] are inspired by compressive sensing (CS). CS theory allows a sparse 
signal to be accurately recovered from insufficient Nyquist sampling measurement. 
Combining sparse representation and penalized image reconstruction framework, 
dictionary-based PET reconstruction has proven to achieve good performance in 
various tasks like low-dose or limited-view scans. To implement a dictionary 
learning method, we must first obtain an image dataset. This dataset could be 
adaptively extracted during image reconstruction or existing images, which include 
a range of different image features. Once the data has been prepared, it can 
be pre-processed in a suitable format for dictionary learning, e.g., extracting the 
overlapping patches from the full-size images. Next, a set of over-complete basis 
functions or a dictionary is generated via the following optimization [77]: 
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Fig. 5 Dictionary and kernel-base PET image representation 


argmax||x —DA||; —s.t._llaillo ST. (8) 
D,A 


where x and D are the images (or patches) and dictionary, respectively. a; is a 
coefficient vector, which represents the columns of coefficient matrix A. T is a 
sparsity of the coefficient vector. A dictionary can be identified from the training 
data using an L1 minimization [78] or K-SVD [79]. Once the dictionary has been 
learned, we can use it to represent each noisy image as a linear combination of 
the dictionary atoms. It is worth nothing that the over-complete basis functions 
(dictionary) learned from existing images or adaptively during image reconstruction. 
Through the MAP framework, the objective function could be optimized in an 
alternating manner: (1) image update with a fixed dictionary; (2) Sparse coding 
with fixed images. For the sparse coding subproblem, algorithms like orthogonal 
matching pursuits were capable to finds the suitable set of coefficients w;. While 
dictionary learning can be a helpful tool for PET reconstruction, it is not a 
perfect solution and has its limitations. One penitential downside is that it may not 
always be able to accurately capture complex image structures, which can limit its 
effectiveness in certain situations. 

Inspired by kernel regression, a kernel-based method is developed for PET image 
reconstruction, which exploits prior information from co-registered anatomical 
images or dynamic PET scans [80-82]. To build a kernel matrix, the patch size, the 
searching window, and the image size of the reconstruction need to be specified. The 
kernel-based algorithm uses K-Nearest Neighbor (K-NN) construction to measure 
the similarity between different patches. It typically explores the distance between 
one of the N objects and its k"* NN and minimizes these K x N functions with 
the gradient descent method [83]. Once the kernel matrix has been prepared, it 
can be inserted into any form of EM algorithm. And the optimization process 
adjusts the coefficients to minimize the reconstruction error. Unfortunately, the 
kernel method involves additional memory and computation requirements. When 
no patient-specific prior information is available, the kernel method may not obtain 
good results. 
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Fig. 6 Three classes of deep learning-based PET image reconstruction methods: (a) end-to-end 
direct reconstruction; (b) deep learning-assisted regularized iterative reconstruction; (c) unrolled 
iterative reconstruction 


3.2 Deep-Learning Based Methods 


PET emission process is not a strict Poisson statistic. Model-based and dictionary- 
based methods are observed as limited in their ability to learn and adapt to complex 
patterns in clinical practice. Apart from their empirical success, recently there 
is a growing amount of work on deep-learning based methods. Nowadays, deep 
neural networks [84] have dramatically improved the state-of-the-art in visual object 
recognition, object detection, and many other domains. These successes attracted 
tremendous attention and led to an explosion of research in the application of 
machine learning to medical image reconstruction. For PET image reconstruc- 
tion, deep learning-based methods are also utilized in various methodologies. 
These methods can be roughly categorized into three classes: end-to-end direct 
reconstruction, deep learning-assisted regularized iterative reconstruction, unrolled 
iterative reconstruction methods. This section will discuss deep learning-based PET 
reconstruction algorithms following these categories (Fig. 6). 


3.2.1 Direct End-to-End Reconstruction 
The end-to-end direct reconstruction methodology treats the reconstruction as 
a direct mapping approach. This approach employs deep neural networks as a 


powerful mapping function or generator that reconstruct the image x directly from 
the measured sinogram or list-mode data m. This can be represented as: 


& = F (m;6), (9) 
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where F is the deep neural network, and 0 is the parameters of F. The direct end-to- 
end approach uses deep neural networks to model the whole imaging system, which 
can be beneficial since it avoids the approximation assumptions in conventional 
reconstruction modeling. The training process is computationally intensive, but it 
can perform image reconstruction quickly once the model training is completed. 
Several contributions have been reported using this method. Haggstrém et al. [85] 
present a framework named as DeepPET using encoder-decoder structure. The 
reconstruction processes the sinogram to the PET image directly. The encoder 
down-samples the interior features into high-dimension, and the decoder recon- 
structs the features to the PET image. Both simulation and clinical data are evaluated 
in their research to show the improvement compared with conventional methods. 
Liu et al. [86] present a generative adversarial network (GAN) framework for PET 
reconstruction. This framework utilizes U-Net, an encoder-decoder structure with 
concatenation, as the conditional generator. The authors evaluate their method in 
phantom experiments. Hu et al. [87] propose a Wasserstein GAN (WGAN) based 
framework named DPIR-NET as an extension of the DeepPET framework. This 
framework is also evaluated in simulation and clinical data, showing promising 
results. Li et al. [88] extend the DeepPET to direct Patlak parametric imaging appli- 
cation. Their framework is an encoder-decoder structure with spatial and channel 
self-attention modules, mapping the dynamic sinograms directly to the parametric 
image outputs (Patlak K; images). Whiteley et al. [89] propose the DirectPET 
framework, which consists of encoding, radon inversion, and refinement and scaling 
segments. This framework directly reconstructs whole-body PET sinograms. These 
authors [90] then proposed a successor framework named FastPET. This framework 
performs the image generation on the “histoimage” representation of the raw data. 
This framework can include TOF information in the reconstruction. Clinical and 
phantom experiments are employed to assess the method’s performance. Feng et 
al. [91] apply a framework inspired by DirectPET to reconstruct 3D TOF-PET 
via TOF-histoimage. Their network is a U-Net with only convolutional layers. 
Kandarpa et al. [92] propose a 3-step reconstruction framework consisting of 
a U-Net for sinogram denoising, a double U-Net generator for reconstructing, 
and a Res-Net for super-resolution post-processing. This framework is evaluated 
using CT and PET data, showing improvement in PET data but not surpassing 
conventional methods in CT data. Ote and Hashimoto [93] present an approach 
that better utilizes the “histogram” in TOF-PET reconstruction. They grouped the 
histogram based on their angular view and fed them into a 3D U-Net to generate 
the reconstructed image. Their method shows improvement in simulated brain PET 
data. Ma et al. [94] apply an encoder-decoder network from sinograms in long axial 
field of view (LAFOV) PET systems. This network contains a U-Net structure for 
reconstruction and a perceptual loss network. Clinical evaluation was conducted in 
this research to verify the effectiveness of their proposed method. Liu et al. [95] 
present a conditional GAN-based method that directly generates the PET image 
from the sinogram. The result of the simulationed experiment is satisfactory, but the 
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preclinical and clinical experiments are not as well-pleasing. Lv et al. [96] examine 
the analytical model of 2-D TOF PET and proposed a BPF-like reconstruction 
algorithm with filtering operation performed with a neural network that reconstructs 
the PET image directly from list-mode data. The convolutional neural network 
learns the deconvolution operator in the spatial domain. The simulation experiments 
show the effectiveness of the proposed BP-Net method. 

Although the end-to-end direct reconstruction methodology avoids the approx- 
imation assumptions in conventional models, the lack of physics and statistics 
requires the deep learning-based mapping model to be complex (especially when 
the reconstruction is in 3-D) and the input dataset to be large and high-quality. The 
quality of the reconstructed images can satisfy clinical needs. 


3.2.2 Deep Learning-Based Regularized Iterative Reconstruction 


Due to the disadvantages of end-to-end reconstruction methods, researchers explore 
the combination of conventional iterative reconstruction methods with deep learn- 
ing. In the conventional methods, the penalty term methodology is limited by the 
approximate assumption and compromising the mathematical complexity, and the 
performance of kernel methodology is heavily dependent on the model designation. 
Incorporating deep learning with conventional iterative reconstruction can bring 
powerful learnable modeling tools to improve iterative reconstruction regulariza- 
tion. The reconstruction process benefits from the physical/statistics priors and the 
flexibility of deep neural network models. 

Deep learning can be supervised, unsupervised or semi-supervised. In regular- 
ized iterative reconstruction, two primary approaches, supervised and unsupervised 
deep learning models, are used as penalty terms or image representations. The 
following part will be organized into two parts: the penalty term method and the 
representation method. 


1) The penalty term methods can be expressed as adding a weighted penalty term 
to the objective function: 


xX = argmin L (y|x) + BR (x), (10) 


where R(x) is the penalty term that regularizes the objective function to our 
dedicated purpose, and # is a hyperparameter that controls the influence of the 
penalty term. Deep learning-based penalty term methods design the penalty R(x) 
using deep learning. 

Kim et al. [97] present a framework consisting of a local linear fitting function 
module and the denoising convolutional neural network (DnCNN). The optimiza- 
tion utilized the Alternating Direction Method of Multipliers (ADMM) algorithm to 
decompose the iterations into multiple sub-iterations. Xie et al. [98] present a 3D 
PET structural convolutional sparse coding (CSC) method. This method combines 
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a quadratic penalty with deep learning. Both simulated and clinical data are applied 
to evaluate the performance of the proposed method. Li et al. [99] propose a joint 
reconstruction and motion correction method. The joint estimation is formulated as 
a regularized optimization problem with a deep neural network. The authors use the 
ADMM algorithm to solve the constrained optimization problem. 


2) The deep learning-based representation method rewrites this formula as 
x = f(z; ), where f is a deep learning network, and @ is the parameters of f. z 
represents the latent information. The objective function is therefore rewritten 
as: 


X¥ =argminL(y|x), s.t.x = f (z; 6) (11) 


Several articles have been published based on the representation method. Gong 
et al. [100] propose a CNN representation method that utilizes a 3-D U-Net as 
the mapping function with frozen parameters and uses ADMM optimization to 
construct the sub-iteration steps. Xie et al. [101] further improve the generation 
and representation capability of the network using the GAN-based model, which 
includes the attention mechanism to enhance the generation performance. Li and 
Wang [102] apply the deep kernel method in dynamic PET imaging. Their deep 
kernel representation is a series of deep neural network components. In their work, 
both simulation and clinical results demonstrated the improvement of the deep 
kernel method. 

The abovementioned approaches are all based on supervised learning, which 
requireing high-quality ground truths as training labels. However, in many cases, 
even the ground truth PET images have low SNR. It is difficult for the supervised 
learning methods to further improve the low SNR ground truth images to a better 
level. Therefore, unsupervised deep learning algorithms are explored in constrained 
PET reconstruction. Gong et al. [103] proposed DIP-Recon based on the deep 
image prior (DIP) method, representing the reconstructed image using deep neural 
networks. This approach is similar to the kernel method above, but no high-quality 
ground truths are required. In clinical, the latent information used for representation 
is CT or MR images collected along with PET scans [104]. Sudarshan et al. [105] 
utilize a modified Bayesian DIP (BDIP) technique in PET image reconstruction. 
The BDIP can model the uncertainty tend to prevent the DIP overfitting problem. 
The authors penalize regions with higher uncertainty, resulting in image quality 
improvement. 

DIP method is further explored [106, 107] in direct parametric reconstruction. 
The Patlak or Logan parametric imaging is embedded into the deep neural networks. 
ADMM and optimization transfer algorithms are used to factorize the whole 
optimization problem into several sub-iterations. Yokota et al. [108] also present 
a DIP-based method in dynamic PET image reconstruction from both spatial 
and temporal aspects. Individual U-Nets extract the components of the spatial 
matrix. Hashimoto et al. [109] incorporate DIP with a forward projection model 
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in reconstruction, which performs unsupervised deep learning-based PET image 
reconstruction from the sinogram. 


3.2.3 Unrolled Deep Learning-Based Iterative Reconstruction 


The end-to-end direct and some of the deep learning-based iterative reconstruction 
still preserve the disadvantages that are derived from their foundational techniques. 
As mentioned, the end-to-end method ignores the physical and statistical charac- 
teristics of the PET system. The system matrix, representing the forward model 
of the PET system and including abundant information about the PET system, is 
wasted in the end-to-end method. On the other hand, though the deep learning-based 
iterative reconstruction method takes the physical and statistical characteristics 
of the PET system into account, the conventional mathematical assumptions are 
preserved in the optimization processes. Researchers have explored the unrolled 
methods and developed several deep learning-based unrolled algorithms for PET 
image reconstruction to better integrate the advantages of deep neural networks 
and the iterative reconstruction methodology. Gong et al. propose the MAPEM-Net 
[110] which is derived from their former work EMNet [111] method. The MAPEM- 
Net replaces the step of updating the latent input z in the ADMM optimization with 
a 3-D U-Net network. Mehranian and Reader [112] propose the FBSEM framework 
that utilizes the forward-backward splitting algorithm in the optimization process. 
The FBSEM replaces the update of the regularizer with deep neural networks. Lim 
et al. [113] employ the BCD-Net [114] in PET image reconstruction. The proposed 
approach generates an estimation of the PET image using the BCD-Net, and the 
estimate is utilized as a prior for MAPEM. Using the output of MAPEM as the input 
of BCD-Net, the estimation is updated again, thus establishing an iterative process 
for reconstruction. Currently, widespread adoption of unrolled PET reconstruction 
method has been hampered, partly due to the time-consuming forward and backward 
projection and a lack of applicable framework in python environment. Some groups 
establish a direct connection between an established PET reconstruction software 
(e.g. STIR [115] and SIRF [116]) and PyTorch [117]. This allows for unrolling 
standard iterative loop of an image reconstruction algorithm into advanced deep 
learning methodologies. 


4 Summary 


In this chapter, we introduced three different categories of PET image reconstruction 
methods. The data-driven PET reconstruction methods offer several advantages 
over analytical and model-based approaches. For one, they can be more accurate, 
as they can learn to model complex patterns and structures directly from data. 
In contrast, analytical and model-based methods rely on predefined mathemati- 
cal models. Additionally, machine learning or deep learning-based methods are 
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generally easier to use, as they require less expertise in mathematical modeling 
and can be trained on relatively large amounts of data, allowing them to adapt 
to different imaging conditions. Overall, deep learning-based PET reconstruction 
methods offer a powerful tool for improving the quantitative accuracy of PET 
imaging. However, there are several open questions regarding PET reconstruction: 
how to construct interpretable, generalizable, data-efficient, and physics-constrained 
models in PET reconstruction? How can PET reconstruction be integrated with 
other imaging techniques, such as CT or MRI, to provide more comprehensive and 
accurate information about the body’s structures and functions? In the near future, 
more evaluations from radiologists/physicians are needed to better understand the 
clinical outcomes of different approaches. 
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1 Introduction 


Cascade gamma emission coincidence tomography is an imaging approach pro- 
posed primarily for assessing the delivery integrity of radiopharmaceuticals in 
nuclear medicine. Its working principle is that coincident events formed by cascade 
gamma photons consist of information that can be used to pinpoint the emission 
location of the photons, that is, where the radiopharmaceutical molecule is. Cascade 
gamma emission coincidence tomography (CGECT) is an imaging modality dif- 
ferent from the conventional emission coincidence tomography (ECT) technology, 
which can create a distribution of cascade radiation nuclides using coincidence 
events emitted. 


1.1 The Inadequacy of Standard Imaging Approach 


In the single-photon emission computerized tomography (SPECT) and positron 
emission tomography (PET) detection process, for a decay event, only the LOR of a 
decaying nuclide can be determined, and the specific location of the nuclide cannot 
be obtained. This will make it hard to locate the nuclide’s position and aggravate 
the noise of the reconstruction image. To obtain three-dimensional information on 
nuclide distribution, SPECT needs to perform multi-angle rotation sampling, while 
PET resolves this issue by being equipped with ring-shape detectors. Furthermore, 
in both scenarios, the three-dimensional distribution of radionuclides can be recon- 
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structed only after accumulating data for a certain period of time in every detection 
angle, which leads to a big challenge for real-time imaging. 


1.2. The Opportunity for Cascade Coincidence Imaging 


Certain radionuclides used in nuclear medicine offer a unique opportunity for 
imaging. The two most widely used radionuclides in radiopharmaceutical therapy, 
Indium-111 and Lutetium-177, emit cascade gamma photons besides alpha and beta 
particles in their decay scheme. For these radionuclides, cascade gamma emission 
coincidence tomography becomes an optional approach for imaging the radio-agent 
distribution. 


1.2.1 The Physics of Cascade Emission 


The physical definition of cascade radiation is that when a nuclide decays, through 
the transition of energy level from high to low, two or more gamma photons of 
specific energy can be emitted in a very short time in sequence. As shown in the 
decay diagram of Indium-111 in Fig. 1, it has a high probability of decaying to 
the excited state of 417 keV of cadmium-111 after one decay occurs, and then 
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Fig. 1 The decay diagram of Indium-111 


Cascade Gamma Emission Coincidence Tomography 45 


decays to 245 keV excited state and emits gamma photons of 171 keV. This 245 keV 
excited state is also called the cascade radiation intermediate state. After that, after 
experiencing a half-life of 84.5 ns, it de-excited to the ground state and emitted 
gamma photons of 245 keV. This process is called cascade radiation, and the 
successively emitted gamma photons of 171 keV and 245 keV form a pair of cascade 
radiation photons. 


1.2.2 Cascade Photon Coincidence 


Cascade radiating nuclides have cascade branches, which can generate cascade 
gamma photon pairs for the same decay. In nature, there are many such nuclides, 
but due to various reasons, not every cascade radiation nuclide is suitable for use in 
nuclear medicine. 

Cascade radiation photon pairs have a good correlation in time, position, and 
emission angle, hence, the position information of nuclide can be directly included. 
Usually, the half-life of the cascade intermediate state corresponding to the cascade 
radiation gamma photon is sufficiently small, for example, less than 10 ns [1, 2], it is 
quite a short time compared considering the slow moving speed of the radionuclide 
molecule (normally several hundred meters per second), and it can be considered 
that the nuclide molecule is still during this period of time. Thus, each pair of 
cascaded radiation gamma photons can be considered from the same location. At 
the same time, the intervals of emission angles in each cascaded radiation photon 
pair are generally not parallel, so the above-mentioned positions can be directly 
determined by the intersection of their emission trajectories. 

In general, as shown in Fig. 2, if the cascade radiation photon pair can be found 
according to the detection time, and the emission trajectories of the two photons can 
be obtained, according to the intersection of the emission trajectories, the position 
of the nuclide is directly obtained for imaging. It can be seen that the localization 
information contained in the coincident events is much better than that of the single- 
photon events, they can obtain Point-of-Response rather than Line-of-Response. 
This is the basic concept of cascade gamma coincidence imaging. 

An ideal cascade radionuclide that can be used for cascade gamma photon 
coincidence imaging should have the following properties: 


1. The total luminous intensity of the cascaded branches is high: for a decay 
event, it is hoped to emit as many cascaded photon pairs as possible. The more 
cascade radiation gamma photon pairs, the more detectable true coincidence 
events produced by the same number of decay events, which means less detection 
time and less damage to the imaging object. 

2. Energy suitable for imaging: If the emitted gamma photon energy is too low, it is 
easy to be blocked by obstacles such as imaging objects and cannot be detected, 
and due to the negative correlation between energy resolution and energy, its 
energy resolution is relatively low. If the energy of the gamma photon is too high, 
it will easily penetrate the detector directly, which will also lead to undetectable. 
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Fig. 2 Detection and image reconstruction conception of CEGCT 


Therefore, for the current nuclear medicine imaging system, it is hoped that the 
emitted gamma photon energy is between 50-200 keV. 

3. Cascade branches with a high degree of discrimination: In the detection of a 
specific cascade branch, it is hoped that the cascade radiation gamma photons 
of this branch can be distinguished from other gamma photons as much as 
possible. On the one hand, in the mono-energy branch corresponding to the 
cascade branch, the proportion of cascaded radiation gamma photons needs to be 
high. On the other hand, the energy of the mono-energy branch corresponding to 
the cascade branch needs to be quite different from other branches and could be 
discriminated by the detector to reduce contamination between energy windows. 

4. Shorter half-life of cascade intermediate states: The shorter the half-life of 
intermediate states, the narrower the coincidence timing window that can be used, 
which can better limit random coincidence events and make the image quality 
better. 

5. Cascade radiation photon pairs with non-parallel emission: If the emission 
directions of the cascaded gamma photon pairs are all parallel, the location 
positioning of the radionuclide will degenerate to a line, and there is no way 
to achieve precise positioning. Cascading nuclides generally satisfy this point. 


Energy Resolution (ER) is a very important parameter in cascade gamma coin- 
cidence imaging, just like other modalities in nuclear medicine imaging. In the 
detected photon energy spectrum, the concerned photon all-energy peak E will have 
a certain broadening AE, then ER can be defined as ER = ab x 100%. Generally, 
the ER is inversely proportional to the square root of the energy, which means the 
higher the energy, the smaller the ER. Since photons are likely to undergo Compton 
scattering with substances during transportation, resulting in inaccurate localization 
information, how to distinguish between full energy peak photons and Compton 
scattered photons is crucial: if the ER is good enough, a narrower Energy Window 
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(EW) can be used, which excludes a large number of scattering events, thereby 
improving image quality and quantitative accuracy. 

In general, ER is mainly related to the crystal and electronics of the detector. 
In the PET system, for 511 keV photons, its ER is generally 10-20%. In the 
SPECT system, a variety of nuclides will be targeted, and the ER of the most used 
Technetium-99 m is generally 10%. In the CGECT, photons’ energy is close to that 
in SPECT, the energy resolution should be nearly the same. 


1.2.3 Advantages: Higher Information Quality, Real-Time Imaging 


Compared with traditional PET or SPECT imaging, cascaded gamma photon 
coincidence imaging can directly locate a decay event, thus having unique real-time 
imaging advantages, which have very prominent clinical value. 

In addition to this, statistical noise is suppressed, and each pixel within the FOV 
is no longer affected by statistical errors from farther pixels on the LOR. It can be 
proved that, if a uniform cylinder of radius D is imaged, and the coincidence event 
can locate the decay position in the area of diameter d, then the signal-to-noise ratio 
of the image can be increased by ./D/d. 

At last, the CGECT must first detect the single photons just like SPECT, and 
then coincide them to obtain coincidence events. This means the CGECT can use 
not only coincidence events for imaging but also use those single events that cannot 
be coincided, behaving just like SPECT. 


1.2.4 Potential Application & Nuclides 


CGECT is proposed primarily for assessing the delivery integrity of radiopharma- 
ceuticals and there is also plenty of potential use in the nuclear medical imaging 
field. Nuclear medical imaging is mainly based on the principle of isotope tracing, 
which introduces radioisotopes into organic organisms to form a certain three- 
dimensional dose distribution in the body and carry out non-invasive disease 
diagnosis, treatment and research on organic organisms [3]. Gamma photons from 
these nuclides already have good applications in imaging, but additional knowledge 
about cascade radiation might take it to the next level. Table | shows the cascade 
radiation information of some nuclides already used in nuclear medicine. 


2 Design Issues that Are Unique to CGECT Systems 


In this section, we will first go through the whole cascade gamma coincidence 
imaging process, and then discuss the factors in each part that govern the system 
performance. As shown in Fig. 2, a typical imaging generation process using 
coincident gamma cameras has several steps: 
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Table 1 Some cascade radiation nuclides used in nuclear medicine 


Corresponding 

Cascade single energy Cascade 

branch energy _| branch light intermediate 
Nuclide Half-life | (keV)? intensity (%)* state half-life Decay mode 
Lutetium-177 | 6.65 d 208.4/112.9 10.36/6.17 0.537 ns B~ 
Iodine-131 8.03 d 284.3/80.2 6.12/2.62 0.454 ns BT 
Indium-111 2.8d 171.3/245.4 90.7/94.1 84.5 ns € 
Terbium-161 6.89 d 48.9/25.7 17.0/23.2 29.5 ns B~ 
Copper-67 2.58 d 91.3/93.3 7.0/16.1 9.10 ws BT 
Arsenic-72 1.08 d 629.9/834.0 8.07/81 - € 
Gallium-67 3.26 d 300.2/93.3 16.64/38.81 9.07 us € 
Samarium-153 | 1.94d 69.7/103.2 4.67/29.14 3.9 ns B~ 
Cobalt-60 5.27 y 1173.2/1332.5 | 99.85/99.98 0.9 ps BT 
Iodine-124 4.18d 722.8/602.7 10.36/62.9 - € 
Selenium-75 119.8d_ | 136/264.7 58.5/58.9 11.2 ps € 
Th-227 18.68 d | 235.96/50.13 12.9/8.4 0.63 ns a 


* According to the order of cascade radiation, the information of photons emitted first is shown in 
the former position 


1. The cascade radiation nuclide decays, emitting several pairs of cascaded gamma 
photons and several non-cascade gamma photons. For simplicities, we only 
consider one cascade photon pair scenario, whose energy is marked EF) and E}. 
The multi-pairs case can be divided into single-pair cases. 

2. These gamma photons then interact with the matter on their flying trajectory after 
they are emitted, and finally caught by the detector. This part includes the decay 
of the imaging object itself, the pass possibility of the collimator, the penetration 
of detector, etc. 

3. The coincident gamma camera sets up two energy windows (EWs), EW1 for Fy 
photons and EW2 for E2 photons, only those photons whose energy is within the 
EW are selected. 

4. The coincident gamma camera then sets up a coincidence timing window (CTW), 
tries to coincide every FE; photons with every E2 photons. Only when the 
detection time difference between one FE) photon and one £2 photon is within the 
CTW, these two photons are coincided and considered as a coincidence event. 
Those photons that cannot be coincided are treated as single photon events. 

5. Use coincidence events or single photons or even both of them to build the image 
of nuclide distribution based on reconstruction algorithm. 


In the following description, we focus on the unique issues of CGECT system design 
and skip well-known design considerations about gamma cameras. 
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2.1 Detector’s Timing Resolution 


The detectors of CGECT are essentially gamma camera detectors with event 
timing measurement capability. We skip descriptions on the gamma camera for its 
established status and focus only on the timing aspect of the detector. 

We describe useful knowledge about detectors from the perspective of timing res- 
olution: what is better timing resolution, why, how (what scintillator or technique) 
to make it happen, what are the better ones available, etc. 


2.2 System Detection Efficiency 


Coincidence detection has a significant impact on system detection efficiency. 
The main factors that affect the detection efficiency are the geometric design of 
the system and the inherent detection efficiency of the detector. For SPECT and 
CGECTs, the collimator is also an important factor affecting the detection efficiency. 
At present, the detection efficiency of clinical SPECT is generally 0.01-0.03%, and 
the detection efficiency of clinical PET is generally 2-10%. 

For the CGECT, there are single photon detection efficiency and coincidence 
events detection efficiency, the latter could be roughly expressed as the square of 
the former one, yet the angular correlation issue between the two cascade gammas 
will cause some fluctuation. In general, the emission angular spacing distribution of 
cascaded radiation photon pairs satisfies [4-7] 


W(6)= > Ax Px (cos 6) 
k 


Where A; is a positive or negative parameter related to each cascade radiation pair, 
Px is a k order Legendre polynomial. Obviously, W(@) should be symmetric for 
90 degrees, therefore the parameter corresponding to the odd Legendre inequality 
should be equal to 0, i.e. A; = 0 for any odd k. This equation indicates that the 
distribution of the cascade photon at a certain angular interval is bigger than others, 
which may be useful for the system design. For example, for Lul177’s 113/208 keV 


; 29- : : 
cascade photon pairs, W (0) = 1 — 0.16 (351), which means that if we put 
the two detectors at 90 degrees, we will get 1.29 times more true coincidence events 


than 180 degrees. 
2.3 Image Generation 


We describe several CGECT specific tasks in the image generation process of 
CGECT . 
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2.3.1 Choose a Coincidence Timing Window: NECR Analysis 


Generally, different source activities and different CTWs will lead to changes in the 
proportion of detected coincident events of various types, which in turn affects the 
quality of reconstructed images. In order to select the best CTW for a specific source 
activity, analysis and study of the coincident event components are required. 

The coincidence events detected by the cascade gamma coincidence system can 
be roughly divided into three types: true coincidence events, scatter coincidence 
events, and random coincidence events. Among them, only the true coincidence 
event is the real concern of the research institute, and the correct positioning 
information can be obtained. For the scatter coincidence event, the two photons also 
come from the same decay event, but some or even all of the cascaded photons in the 
coincidence event have undergone Compton scattering, resulting in refraction in the 
emission trajectory, resulting in inaccurate positioning information. The photons 
in the random coincidence event do not come from the same decay event, but 
the time difference falls within the coincidence time window, which is misjudged 
as a coincidence event by the system. Figure 3 shows a schematic diagram of 
three coincidence events in CGECT. Both scatter coincidence events and random 
coincidence events will generate incorrect positioning information. 

In the PET system, the two 511 keV photons from the same decay event are 
emitted at the same time. While in the CGECT, there are time gaps between these 
cascade photons, and the value varies based on the natural property of the cascade 


Fig. 3 Schematic diagrams of three coincidence events: (a) true coincident event; (b) scatter 
coincident event; (c) random coincident event. The red dot is the location of the decay event, 
and the red cross is the location of the error location 
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nuclide, which makes the situation more complicated. Next, we will do a theoretical 
derivation analysis for CTW choosing in the CGECT. 

Let 7, S, and R be the count rates of true coincidence events, scattered 
coincidence events, and random coincidence events, respectively. S is generally 
related to matter in space and needs to be discussed on a case-by-case basis, so 
it will not be discussed here. For T and R, it can be described using the following 
formula [3] 


T=K-(A-be)-de 


R=CTW .-(A-)j)-(A-b2)- de 


where subscripts 1, 2 and c represent monoenergetic branch 1, monoenergetic 
branch 2 and cascade branch, respectively, b represents branch luminescence 
intensity, d represents system detection efficiency, A represents source activity, and 
K is the impact of CTW that 
K=2-CDF (2.355 : a) - 
2-CTR 


where CDF is the standard normal distribution cumulative distribution function. The 
values of b;, bz and b, are source specific properties. 

In order to reduce the negative effects of scattering coincidence and random 
coincidence as much as possible, and to study the best experimental conditions, 
this study introduces the concept of maximizing the Noise Equivalent Count Rate 
(NECR) [3, 8, 9]. NECR is a surrogate metric for the time-to-event signal-to-noise 
ratio and is widely used to evaluate the performance of PET and can be directly 
promoted to the CGECT. The higher the NECR value the better. The specific 
definition of NECR is as follows: 


2 


NECR = ————_ 
T+S+R 


When S is negligible compared to T and R, NECR approximately has 


K 


NECR& 
1/A+CTW/(K -B) 


be ‘de 


where B = 5 iat It can be seen that NECR is positively correlated with d,, B, be 


and d,, and negatively correlated with CTR. In order to make the NECR larger, the 
nuclides with larger B and b, should be selected as much as possible, while reducing 
the CTR as much as possible. Generally speaking, when other values are fixed, 
NECR will first increase and then decrease with the increase of CTW. Therefore, an 
appropriate CTW should be selected to maximize NECR. 
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2.3.2 Sampling Completeness 


Sampling completeness is a crucial issue for every medical imaging system, which 
determines whether the image of each pixel can be accurately reconstructed. This 
includes complicated Mathematics. Generally speaking, if every detected event can 
be traced back to a decay event within a FOV voxel, the decay event counts in every 
voxel can be perfectly estimated. However, if one detected event could be emitted 
from several voxels and one cannot directly locate it, voxels may not have enough 
information to reconstruct this event. In CEGCT, sampling completeness could be 
easily satisfied based on the PORs given by each coincidence event, every FOV 
voxel’s value could be reconstructed perfectly as long as it could be detected by the 
coincident gamma cameras. 

On the contrary, in conventional medical imaging systems like PET and SPECT, 
only LORs are obtained, thus they have to find ways to address this issue. In PET 
systems, they solve this by ring-shape design, while in most of the SPECT systems 
they are designed to orbit in a certain trace. 

However, not every CGECT can fully exploit the coincidence events’ informa- 
tion, they might only get LOR, plane-of-respond, or even volume-of-respond instead 
of POR due to some specific reason, such as using a complex collimation and 
detection method or trying to get a higher detection efficiency. When a coincidence 
event no longer corresponds to a point, we need to put the sampling completeness 
back on the table. Besides, there are also single photons that cannot be coincided 
with in the CGECT. Each single-photon event can utmost get one LOR, which 
is just like SPECT. Therefore, if we still want to use this part of information to 
do reconstruction, it is necessary to conduct in-depth research on the sampling 
completeness of single photon events to verify whether they can perform accurate 
3D reconstruction of imaged objects. 

The completeness of sampling for such projected data has been studied for a 
long time. Tuy and Smith [10, 11] in the 1980s deduced the sampling completeness 
for cone beam projection data, while Orlov et al. [12] in 1976 proposed the Orlov 
condition for sampling completeness for parallel beam projection observations. 
Based on their works, Metzler et al. [13] integrated these two conditions and 
proposed a Tuy condition similar to Orlov’s expression: If an imaging point can 
be accurately imaged, the trajectory of the intersection of each projection direction 
and the Orlov sphere from this point intersects with all the great circles of the Orlov 
sphere, which is shown in Fig. 4. This condition is no longer limited to parallel beam 
or cone beam, and allows sampling completeness analysis for every point within the 
FOV. Systems with complicated collimation and detection methods could use the 
numerical algorithm [13] to assess the sampling completeness. 


2.3.3 System Matrix 


In the generation of the system matrix, it is necessary to model the probability 
of one gamma photon from each FOV pixel being detected by each detector 
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Fig. 4 Orlov sphere diagram 
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unit, and the accuracy of its modeling plays a decisive role in the quality of the 
reconstructed image. The system matrix can be calculated by online generation 
methods such as geometric analysis and Monte Carlo simulation etc. [14-19], or 
it can be obtained through offline experimental collection [20, 21]. In addition, 
CGECTs always involve at least one coincident branch and two mono-energy 
branches, it is necessary to expand the definition of the system matrix in traditional 
nuclear medicine imaging. In this part, we mainly introduced the geometric analytic 
numerical simulation, which is widely used to generate the system matrix for 
CGECT. 

For the CGECT, there are single photons and coincidence events, so it is 
necessary to calculate two sets of different system transmission matrices. The 
generation of the system matrix is mainly divided into two steps: first, for each FOV 
pixel, solving the detection probability of the single photon emitted by this pixel 
on each detector unit, and considered this probability as the single photon system 
matrix; then, for each FOV pixel, the probability that a coincident event emitted 
in this pixel is detected on a pair of detector units is equal to the product of the 
probabilities that the single photon emitted by this FOV pixel is detected by these 
two detectors separately, and use the nuclide’s angular distribution probability for 
normalized weighting, as the system matrix of the coincident event. 

The system matrix cj; of a branch is defined as the probability of a decay event 
occurring at the i element within the FOV space, and the branch event is detected by 
the j element in the detection space. For the system matrix of a mono-energy branch, 
the FOV space refers to the collection of all pixels in the image, the detection space 
refers to the collection of all detection units of the detector, and the branch event 
refers to the single photon event. For the system matrix of coincidence branch, the 
FOV space refers to the same thing, while the detection space refers to the set of all 
detection units paired in the detector, and the branch event refers to the coincidence 
event. Based on this definition, cj can be disassembled in the order of the detection 
process as follows: 
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Ciji = Pintensity . Penergy : Prime * Pij,decay . Pij,collimator . Pij detector * 8ij 


The three parameters Pintensity, Penergy 4nd Prime in parentheses are discussed first. 
In general, for non-quantitative imaging of a single energy branch, these three 
parameters are the same and do not need to be considered. However, in the CGECT, 
these three parameters are different in each branch, so it is necessary to consider 
their impact. 


Pintensity: The luminous intensity of the branch, i.e., the probability of the branch 
event occurring in each decay. 

Penergy: The probability that the energy of the event is in the energy window. In the 
mono-energy branch it can be expressed as Penergy = 2® (2,385 : fe) -—1; 
In the coincidence branch, the cascaded photons are separated and each one is 
processed with one energy windows, so it can be expressed as the square of that 
in mono-energy branch case. 

Ptime: The probability that the time difference of the cascade gamma from the one 
coincidence event is in the coincidence time window CTW. The mono-energy 
branch does not have the concept of coincidence, this item is directly set to 1. For 


the coincidence branch, it can be expressed as Prime = 2® (2355 : Sys) -—1. 


For the three items Pi decay, Pij, collimator ANd Pj, detector 11 Square brackets, they 
are essentially the interaction and energy deposition of gamma photons with matter 
during flight. When photons pass through various substances, some will be absorbed 
by the object, and the amount of absorption depends on the linear attenuation 
coefficient jz of the object for this energy gamma photon and the flight distance 
in the object [3], which is 


fa igen! wee 


Where Jo and J are the light intensity before and after the attenuation, respectively, 
x is the flight path, and jz(x) is the linear attenuation coefficient at x. 


Pij, decay: The probability that this branch event is not absorbed by matter other than 
the detector and collimator during the flight from the i FOV element to the j 


mF s . 

detection element, which can be expressed as en Sx decay (*)dx 
Pj, collimator: The probability that this branch event passes the collimator during its 
flight from the i FOV element to the 7 detection element, which can be expressed 


Xj 
as ets Meollimator (x)dx 


Pij, detector: The probability that the branch event is detected by the detector after the 
flight from the i FOV element to the 7 detection element, which can be expressed 


xj 
as 1 — ela detector (x)dx 


The last item gj; is the geometric contribution factor between the i FOV element and 
the j detector element. Different modeling methods define this item differently. For 
example, in the SPECT line tracing method, it is defined as the length of the line 
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segment of the detection line within the FOV element i. g;; could also contain the 
angular correlation correction described in II.D. 

Pij, decay, Pij, collimators Pij, detector and gjj are the main parameters of the general 
system transmission matrix, and their values will change with the change of the 
FOV space element i and the detection space element j, and are related to the system 
geometry design and collimator parameter design. 


2.3.4 Reconstruction Algorithms 


Direct Back-Projection 

The direct back-projection based on coincidence events is widely used in cascade 
gamma coincidence imaging studies [22—26]. Its biggest advantage is that it does not 
require complex modeling and continuing iteration, hence, its reconstruction speed 
is much faster than the MLEM algorithm and thus has the potential for real-time 
imaging. 


In the process of reconstructing the image, the back-projection algorithm starts 
from the position of the detection event on the detector, and performs back- 
projection in the FOV space through the collimator. For each coincident event, an 
intersection coordinate can be obtained. In the entire FOV space, each pixel counts 
the number of intersections in it, so as to directly obtain the histogram with one 
pixel as a bin for detecting the coincident event, thereby obtaining the reconstruction 
image. Since different pixels have different coincident event detection efficiencies, 
the histogram of detection data needs to be corrected for coincident event detection 
efficiency, which means it still needs to use the system matrix to calculate the 
coincidence event detection efficiency of each pixel for correction. 


MLEM 

In the field of nuclear medical imaging, iterative reconstruction algorithms based on 
probability theory may be more suitable to suppress the statistical noise in data [3]. 
In the reconstruction of nuclear medicine images, the number of unknowns required 
to be solved is large, and it is very hard to solve the problem directly by solving the 
linear equation system. For this type of problem, Dempster et al. [27] proposed 
an expectation maximization (EM) algorithm, which uses incomplete data for 
maximum likelihood estimation. Later, Shepp [28] and Lange [29] introduced the 
EM algorithm into nuclear medicine reconstruction imaging, and finally proposed 
the maximum likelihood expectation maximization (MLEM) algorithm commonly 
used today. 


The data in nuclear medical imaging generally satisfy the Poisson distribution [3, 
30]. Let the projection data of the FOV voxel i on the detection element j be z;;, the 
prior probability is 

Map 
g (zij|dij) =e i an 
Zij- 
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Where Ajj = ci ° fi, c is the system matrix, f is the image value, the subscript i 
represents the FOV voxel index, and the subscript j represents the detection element 
index, ! is the factorial operator. Taking the logarithm of the joint probability 
of all prior probabilities as the likelihood function, and ignoring the constant 
i,j log (gj!) that does not contain fj, the likelihood function of MLEM algorithm 
is 


Lucem = log I[s (zejlhaz) | = » [ zi; log (ci; fi) — ci; fi] 


ij i,j 


After obtaining the likelihood function, it is hoped to determine f; by solving its 
maximum likelihood solution. However, z;; in the above formula is still a random 
variable, and the maximum likelihood solution cannot be obtained. Therefore, in 
MLEM, the expectation of its value under the condition of the current image value 
fi is used to replace z;;, and then iteratively solves the solution. Since z; still satisfies 
the Poisson distribution, let the total detection count on the detection unit j be pj, 
then the expected value of z; can be expressed as 


Cij Si 


E(eylfi)= en ‘Pj 
ji Si 


Use E(zij| fj) instead of z;, let the solution of jE vLEM = 0 be the image value f;” 
after the n iteration, the final iterative formula of MLEM can be obtained as follows 


i Pj 
Cij = 
Le Lae” 


fi (n) _ 


For the formula, it can guarantee the non-negativity of f; in the iteration, and its 
convergence has been proved [27-29], i.e., after each iterative update, the value of 
the likelihood function Lyzzy will not become smaller, and the final image will 
converge to the maximum value of Lye. 

The MLEM algorithm is generally a very good algorithm. Compared with 
analytical reconstruction algorithms such as FBP, its advantage is that it can use 
the system matrix for more accurate modeling, and it is also an asymptotic unbiased 
estimation algorithm with small variance. But in addition to the disadvantage of slow 
convergence speed, it also has the problem of being more sensitive to data, and it is 
easy to continuously amplify the noise of the data during the iteration. Therefore, 
in actual use, it is generally necessary to stop the iteration in advance [31-33] or 
post-smoothing [34, 35] to suppress noise. 

What is worth noticing is that, since CGECT systems can detect coincidence 
events and single photon in the same time, they could use MLEM to do the 
reconstruction using both of these events based on their corresponding system 
matrix. That is to says, CGECT systems can use coincidence events are used as 
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the input of MLEM, and reonconstruct the image based the system matrix of the 
coincident event. Meanwhile, it is also possible to use single photon events and the 
system matrix of single photon event in MLEM to obtain recontruction images. 


3. CGECT Systems in the Literature 


Over the past 50 years, there have been many research groups [22—26, 36-51] 
worked on the imaging of cascade radiation. In the early years, some research groups 
hoped to add another detector to the parallel hole SPECT, and add coincidence 
electronics to develop a CGECT, which once had the possibility of replacing PET. 
However, because its performance is slightly worse than that of PET, it has not 
become the mainstream only as a low-cost alternative to PET. Nowadays, with the 
rapid development of high performance detector and new system design, CGECT 
seems to become more promising. 

In the following section, we introduce CGECT system designs with different 
collimation and detection methods in the literatures. 


3.1 CGECT Systems with Collimators 


1. Parallel-hole collimator & SPECT head 
Pahlka et al. [23] reported the performance of an Indium-111 based Monte 
Carlo simulation cascaded gamma-conformance imaging system. Shimazoe et 
al. [22] also completed a GAGG crystal and silicon photomultiplier tube based 
cascade gamma coincidence imaging experimental setup. Both of these works 
were based on SPECT detectors and were able to get POR using parallel-hole 
collimators. This collimation method can guarantee the spatial resolution of 
the system, but greatly limits the coincidence event detection efficiency. For 
example, the spatial resolution of the system reported by Pahlka et al. is better 
than 7.2 mm, but its coincident event detection efficiency is only 6 x 107° [23]. 
2. Pinhole-slit collimator & SPECT head 
Recently, Xiao et al. [26] built an experimental setup using two commercial 
SPECT detectors and a combination of pinhole and slit plate-shaped collimators 
and detected coincidence events from Lu-177. They were able to get POR inside 
a limited FOV with good performance, 3.8 x 10~° coincidence event detection 
efficiency and 7.0 mm spatial resolution was achieved. However, they still needed 
a long detection time to get a low-noise image. 
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3.2. CGECT Systems Without Collimators 


1. Scanner & Coincidence detector 
In fact, related research on cascade coincidence imaging has been carried out 
for a long time, and it can be traced back to the scanner plus slit collimator 
coincidence detector system using Se-75 proposed in 1970 [36]. In this system, 
the FOV is a 2D plane. Each pixel of the plane is scanned by the scanner for 
a certain time. Meanwhile, the coincidence detectors, which are Nal detectors, 
use slit collimators to monitor the whole plane. When both the scanner and 
the detector get a signal inside a timing window, it will be considered that a 
coincidence event emitted from this pixel was detected, and then used to create 
the image. However, such a pixel-by-pixel scanning machine is obviously time 
consuming, thus lacks practicality. 
2. TOF-PET 
Besides, Chiang et al. [25] conducted a Monte Carlo simulation study and 
introduced the TOF DuPECT to collect coincidence events from Se-75. Instead 
of collimation, information from two cascade photons is used to derive the 
cascade emission location. They reported a very promising coincidence detection 
efficiency of 2 x 107? with a poor spatial resolution of around 40 mm limited 
by the current’s TOF-PET 200 ps CTR. Even considering the ideal CTR equal to 
0, the lower limit of its spatial resolution can only reach 20 mm. It also suffers 
from the collimation methods, which could only obtain a Plane-of-Response. 
3. Multiple Compton cameras 
Another group evaluated the feasibility of Compton-camera-based cascade 
gamma coincidence imaging using In-111 and GAGG crystals coupled with 
SiPM [24, 39]. The system achieved a higher coincidence detection efficiency of 
3.56 x 10~°, but at a very poor spatial resolution of 28 mm. Besides, Compton 
cameras can only locate the decay position in the intersecting line of the two 
conical surfaces, or even the intersecting volume of the two thick conical surfaces 
due to the bad angular resolution of the Compton camera, which means losing 
the ability to direct positioning. 


3.3 Performance Summary 


In Table 2, the collimation and detection methods and related performances of some 
existing cascaded gamma photon coincidence imaging systems are summarized. 
Based on the above analysis, it can be seen that the current cascaded gamma photon 
coincidence imaging system is still far from practical clinical application. It is hoped 
to propose a cascaded gamma photon coincidence imaging system capable of real- 
time imaging, which can keep the spatial resolution less than 10 mm, while the 
coincidence event detection efficiency exceeds the existing research level, at least 
reaching 10~° order of magnitude in the future. 
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Table 2 Performance comparison of CGECTs for different detection methods 


Collimaition and Coincidence 

Detection Event Detection 

Method Cascade Nuclides | Efficiency Spatial Resolution | Data Respond 
Compton In-111 3.56 x 107° 28 mm Line/Volume 
cameras [24, 39] 

TOF-PET [25] Se-75 2.0 x 1073 20 mm Plane 
Parallel-hole In-111 6 x 10-8 7.2mm Point 

SPECT [23] 

Pinhole-slit Lu-177 3.8 x 10~° 7mm Point 

SPECT [26] 


4 Discussion 


Although each coincidence event is highly effective toward image reconstruction, 
the low detection efficiency remains the key deficiency of CGECT. This results in 
a long detection time for the CGECT to get a good-quality, low-noise image. There 
are several approaches that can help with this issue. We have already discussed 
the factors that govern the system performance of CGECT in Sect. 2, we will 
discuss how these factors will affect the image quality one by one and their potential 
development directions. 


4.1 More Suitable Nuclides 


We have already named the theoretically ideal properties of cascade radiation 
nuclides in II.A., all of them are helpful for improving the image quality. Great 
luminous intensity can increase the NECR under the same source activity. Short 
intermediate half-life means that there is more true coincidence event under the 
same CTW, which will also increase the NECR. The full energy peak photons of 
the cascade event should be suitable for detection and easily discriminated for other 
photons, thus the random and scatter coincidence events could be suppressed and 
NECR could be increased. The distribution of the angular difference between each 
gamma in the coincidence event is expected to be as close to 90 degrees as possible, 
which can contain more precise position information. However, CGECT is a new 
type of imaging modality, its manufacturing technology of radiopharmaceuticals is 
still under exploration. An ideal CEGCT cascade radiation nuclide, which is cheap 
and easy to be labeled is hoped to be found someday. 


60 X. Liu et al. 
4.2. New Detectors 


The rapid development of detection technology will also further promote the 
performance improvement of the CGECT. The timing and energy performance of 
these detectors will continue to improve, which means that we could easily obtain 
more true coincidence events and suppress random and scatter events. 


4.3 New System Design 


How to design and develop a collimation-detection method that is more conducive 
to the CGECT is still under research. We have seen two kinds of CEGCT in 
Sects. 3.1 and 3.2, corresponding to CGECT system with or without collimators. 
The former kind has better spatial resolution but poor sensitivity, while the latter 
one is on the contrary. An ideal collimation-detection method is to ensure high 
detection efficiency and high spatial resolution, and at the same time able to obtain 
POR directly through each coincidence event and thus have real-time imaging 
capabilities. Based on a FOV of a certain size, through the design of the geometric 
parameters of the collimator, there is only one possible position within the FOV, 
which is the POR, for each coincident event. Recently, new research called self- 
collimation was proposed by Tianyu et al. [52], they used multi-Layer interspaced 
mosaic detectors to collimate the gamma photon by the detector itself, thus can 
greatly improve detection efficiency. This kind of new research could also be 
introduced to the CGECT to lift up the detection efficiency. 

Besides, increasing the detection solid angle is an obvious approach. Every 
coincidence event needs to detect two single photons at the same time, thus its 
detection efficiency is proportional to the square of the single photon detection 
efficiency. Increasing the detection solid angle can lead to a linear growth of single 
photon detection efficiency, which leads to a squared growth of coincidence event 
detection efficiency. Besides, lots of the CGECTs are based on two perpendicular- 
placed detectors [22, 23, 26], which is asymmetrical to the whole FOV. This will 
result in uneven detection efficiency of pixels, the farther the pixels are to the two 
detectors, the lower their detection efficiency and the higher statistical noise, and 
causes problems to image reconstruction. By increasing the detection solid angle, it 
is also possible to design a more symmetrical detection method, thereby improving 
image quality. 


4.4 Reconstruction with Both Singles and Coincidence Events 


Another direction to explore is to find a joint reconstruction method using both 
coincidence events and single photons. If only the coincident events are used 
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for reconstruction, the large number of single-photon events with low noise will 
be discarded directly, and the information contained in this part will be wasted. 
Therefore, we hope to reduce statistical noise and improve image quality by 
using the information on single-photon events in the process of coincident event 
reconstruction. It is worth noting that, unlike coincidence events that can obtain 
POR, single photons can only obtain LOR, so it may need to further discuss the 
sampling completeness, which is also a major challenge for joint reconstruction 
methods. There have been many studies on the MLEM algorithm using multiple 
sets of mixed events. Zhou et al. [53] conducted a correlation derivation through 
the Fisher information matrix of the data, and demonstrated that the image quality 
obtained by mixing two sets of Poisson distribution data is better than the case of 
using any set of data alone, and Jiang et al. [54, 55] also obtained the same result 
in the experiment. The above work is mainly concentrated on the PET study. In 
cascade gamma coincidence imaging, Xiao et al. [45] have also tried to introduce 
joint reconstruction methods using both single photons and coincidence events. 


4.5. Other Possible Points 


In cascaded gamma coincidence imaging, the information contained in the coinci- 
dence events is essentially the same as the coincidence events in TOF-PET, and 
both have the ability to locate the position of the decay nuclide in decay in a 
smaller range of positions, so the above advantages of TOF-PET imaging are also 
true for cascaded gamma coincidence imaging. Even further, the existing PET 
technology can only obtain a spatial resolution of 30-120 mm by relying solely 
on TOF information, while cascaded gamma-coherence imaging can use a certain 
collimation technology to directly achieve a real-time spatial resolution of less than 
10 mm. 

In addition, the way in which cascaded gamma photon coincidence imaging can 
directly locate the imaging also makes it free from some limitations of traditional 
nuclear medicine imaging in image reconstruction. In PET and SPECT, since only 
LOR can be obtained, it is generally necessary to accumulate a large amount of 
LOR, and then use an iterative image reconstruction algorithm to reconstruct the 
image, which will bring some issues. The first issue is that a large amount of 
LOR needs to be accumulated, which is difficult to achieve for some imaging 
applications with high real-time requirements and rapid changes. This requires 
sufficient detection time. For non-annular SPECT, it is even necessary to quickly 
switch between detection angles and complete detection for sufficient time at each 
detection angle, not to mention that the high-speed movement of the detector 
will give opportunities. The design accuracy and practicability of the rack bring 
challenges, and it is also a big challenge to detection efficiency. Secondly, in terms 
of the reconstruction algorithm of PET and SPECT, since the noise will continue to 
amplify in the later stage of the iteration, it is necessary to stop the iteration as soon 
as possible to prevent the noise from being too large, but the image may not converge 
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to the convergence point at this time, and the iterative reconstruction algorithm will 
give priority to reconstruction of low frequency part, the reconstruction of important 
high frequency parts may not be perfect. For cascaded gamma photon coincidence 
imaging, back-projection can be directly selected for real-time imaging, thereby 
avoiding the defects of traditional nuclear medicine image reconstruction. 


5 Summary 


The CGECT system is an emerging nuclear medicine imaging technique still 
developing. It can exploit the coincidence photon events emitted by the cascading 
radiation phenomenon that exists widely in nuclear medicine, to obtain more 
accurate nuclide localization information. This could benefit the reconstruction of 
nuclide distribution images, and have potential advantages such as real-time imaging 
with prominent clinical value. At present, the development of the CGECT system 
is still in the experimental stage. Several researchers are still trying to design the 
CGECT system with high spatial resolution and high coincidence event detection 
efficiency simultaneously, to obtain high signal-to-noise ratio and high-resolution 
images so that the CGECT system can have better application potential in clinical 
medical imaging in the future. 
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1 Introduction 


Nowadays, nuclear imaging systems are widely used for detection, diagnosis, 
therapy, and other applications. There are two main procedures in nuclear imaging 
that can be distinguished based on the type of radioactive source used. Single-photon 
emission computed tomography (SPECT) and the Compton imaging system are two 
well-known examples based on single-photon imaging of radioactive nuclei that 
decays by emitting a gamma-ray [1, 2]. Another method known as positron emission 
tomography (PET) uses positron-emitting radioisotopes as radioactive material [3]. 

In recent years in nuclear imaging systems, using electronic collimators instead 
of mechanical collimators has received more attention due to the limitations of 
mechanical collimators. A mechanical collimator is used in SPECT to determine 
the direction of incoming gamma rays. PET detects the coincidence of two 511 keV 
gamma rays emitted in opposing directions when a positron annihilates with an 
electron using positron-emitting nuclides [4]. On the other hand, the Compton 
camera is an imaging system based on an electronic collimator [5]. The Compton 
imaging system can perform multi-nuclide imaging without requiring a mechanical 
collimator. Several researchers have reported in vivo multi-tracer imaging [6- 
8]. A wide range of detectors and geometries were recommended for Compton 
cameras in various applications for high energy resolution, angular resolution, 
spatial resolution, efficiency, and fast reading systems. 

The Compton imaging method was first used to detect gamma rays with 
scintillation detectors in the mid-twentieth century [9], developed in 1961 and 
1964 as the Compton telescope and Compton spectrometer [10, 11]. The Compton 
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telescope was used in astronomy between 1973 and 1976 to detect incoming 
rays [12, 13]. COMPTEL became the first Compton telescope to orbit the Earth 
[14-18]. COMPTEL, which is very successful, still had its limitations that led 
to the design of other models of Compton telescopes [19]. The NCT balloon- 
borne Compton telescope (COSI) is different from other Compton telescopes [20]. 
Compton cameras, due to their application for detection, are being developed in 
astrophysics [21]. 

However, the Compton imaging system’s application in other fields came to be 
recognized; Compton cameras were first suggested by Everett and his colleagues 
in nuclear medical imaging [22]. The initial prototype was built in 1983 by Singh 
et al. with semiconductor and Nal(TL) detectors [23]. Later research allowed for 
the imaging of three-dimensional cylindrical test phantoms [24]. Due to their 
increased efficiency, silicon detectors (a stack of silicon pad detectors or silicon 
drift detectors) became more popular in Compton cameras in the coming years [25— 
27]. The Compton cameras were also used for multiple molecular simultaneous 
imaging in a living mouse [28]. Compton cameras were also suggested to treat 
radioisotope with alpha particles [29, 30]. A system combining a pinhole and 
a Compton camera was designed to detect both X-rays and gamma-rays in the 
same application region [31]. In other studies, the Compton and PET cameras 
were used for imaging [32, 33]. Comparing Compton camera with PET and 
SPECT in terms of economic effectiveness and appropriate performance in medical 
applications proved that Compton camera has high capability in these situations in 
most studied investigations [34-36]. Several research groups have also investigated 
the application of Compton cameras in ion beam therapy, using both scintillation 
and semiconductor detectors [37-39]. 

Another usage of Compton cameras is for safety and security from any disasters 
or contaminations caused by human or natural interactions. For this purpose, 
portable Compton cameras are often used to measure the dose in these areas [40, 41]. 
Hmissi et al. tested a portable Compton camera using CeBr3 scintillation crystals 
and digital photon counter detectors with time-of-flight (TOF) capabilities in the 
Lab, with acceptable results for energy and angular resolutions [42]. Gamma-ray 
detection was performed to recognize and characterize such material assemblies 
[43]. In Fukushima, a Compton camera was built and tested to lessen noise on 
gamma-ray images by adding a Pb layer to the rear panel [44]. 

A similar approach was also discussed using a Compton camera (1.5 kg) installed 
on a drone system with a diagonal base. The prototype was tested in a 7000-square- 
meter region of Fukushima, divided into three radiation zones [45]. The Compton 
camera for industrial use was considered with a ring-shaped Nal(TL) absorber 
detector, which avoided direct illumination by the source but reduced the solid angle 
and thus the efficiency [46]. Using a Compton camera system on an unmaned aerial 
vehicle (UAV) was also developed to characterize the distribution of radioactive 
materials in highly contaminated areas [47]. 

According to the applications discussed above, we will mention the significant 
and practical parameters of the Compton camera in the following sections. 
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Compton imaging is an imaging technique that Compton scattering uses to produce 
images from a gamma-ray source. Compton imaging systems are also known as 
Compton cameras. The advantages of Compton imaging over other conventional 
imaging techniques are that it covers a wide range of energies. This system also 
makes it possible to construct a 3D image of a fixed object without moving the 
detector. Compton imaging well eliminates background radiation during scattering 
processes through energy separation. In the following section, the principles of the 
Compton imaging system will be explained, and then the effective parameters of 
these systems will be stated. 


2.1 Principles of Compton Camera 


The basic design in Compton imaging systems consists of two detectors that are 
sensitive to the position and energy of the scattered gamma rays, see Fig. |. The 
Compton camera principles are as follows: the source emitted photons will scatter 
from the scatterer detector (Compton scattering); then, the scattered photons will be 
absorbed in the absorber detector. These two detectors work in coincidence mode to 
detect photons electronically and without restriction in their entering path. It should 
be designed to optimize the Compton scattering probability in the prompt gamma 
energy range while reducing the so-called Doppler broadening effect due to electron 
binding and motion [48]. 

The absorber detector finally intends to capture the Compton scattered photons 
by the photoelectric effect. The Compton scattering angle is the opening angle of the 
cone, the line joining the two scattered positions is the cone’s axis, and the interacted 
position in the first scatterer is the cone’s apex. The intersection of many of these 
cones indicates the source location [23]. By back-projecting all valid events into an 
image space through cone surfaces, we can estimate the distribution of gamma-ray 
sources. The Compton scattering angle 6 could be calculated using Eq. (1): 


cos (9) = 1 — moc~ (; — =) (1) 


Where, Ep is the energy of the incident gamma-ray, E} is the energy of the scattered 
gamma-ray immediately after the interaction and moc? is the rest mass energy of the 
electron. 

One of the most important things for a Compton camera is reconstructing the 
image and getting the exact position of the source. In recent years, different methods 
and algorithms for image reconstruction have been proposed for Compton cameras. 
One of the methods used is analytical image reconstruction [49]. The analytical 
technique aims to find an analytical solution or use operators to help obtain one. 
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Fig. 1 Basic design in Compton camera 


Most of the other methods are based on iterative algorithms for image reconstruction 
[50]. Deep learning is also being developed to find a way to reconstruct the image 
of Compton cameras [51]. 

Four of the most critical parameters in Compton cameras include efficiency, 
energy resolution, spatial resolution, and angular resolution [52]. In the last 
four decades of investigations on Compton cameras, researchers used different 
geometrical designs, different materials for the scatterer and absorber detectors, 
detectors’ dimensions, and the way to reach two-dimensional or three-dimensional 
output images. 

In the next section of this chapter, these parameters will be discussed. 


2.2 Effective Parameters on the Performance of Compton 
Camera 


The performance of any medical imaging system is defined by its spatial resolution 
and the detection sensitivity for a specific particle which for Compton cameras 
are photons. Because the precision of identifying the photon scatter angle requires 
tracing the emitted photon’s original direction, the conic surface characteristics are 
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defined as a result. The critical factors in defining the expected Compton camera 
performance are the angular resolution, energy resolution, spatial resolution, and 
efficiency [53]. 

The angular resolution defines as the degree of uncertainty in detecting the 
incident direction of incoming photons [23]. The energy resolution of the scatterer 
detector, spatial resolution, and geometry of both detectors affect the angular 
resolution in the Compton camera system [54]. If all of these uncertainties are 
considered, it could be written as Eq. (2): 


tan? (A@pverall) = tan* (A) + tan* (AG2) + tan? (A@3) + tan? (A64) (2) 


where A@, is related to energy resolution in scatterer detector, A@2 and A@3 related 
to geometry and AQ, is related to spatial resolution. 

A pulse height distribution characterizes the detector response to a radiation 
source called the detector response function. The detector’s energy resolution is 
defined as the FWHM of the photopeak divided by the peak centroid [55]. If the 
energy resolution obtained from the scatterer detector is weak, energy uncertainty 
will increase, affecting the angular resolution and thus the imaging reconstruction. 
Equation (1) can be written as Eq. (3) based on the scattered electron energy (E,.) 
for calculation energy resolution uncertainty: 


Eve 
cosé = | (3) 
o (Eo _ Exe) 


moc- 


Moreover, for calculating energy uncertainty, Eq. (3) can be written as Eq. (4): 


sf ae y if aay" : 
(A601) = () (AE;e)” + (=) (AEo) (4) 


as the energy of incoming gamma rays is known in nuclear medicine applications, 
the second part in Eq. (4) is equal to zero; If the differential value ian is taken from 
Eq. (3), according to Eq. (5): 


(5) 


( dé )- (1+ (4) (1 ~c0s0)) 


E ; 
Eo (7) sin @ 


If seta = (5) and place Eq. (5) in Eq. (4), finally it can be written as Eq. (6): 


= 2 
co (a+s0 cos 6)) ) ae: a 


Eoa sin@ 
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Fig. 2. Angular resolution for Ge, Si, CZT semiconductor materials where the effects of energy 
resolution shown for a gamma-ray source of 511 keV 


AE,,e is the energy measurement uncertainty representing the inherent statistical 
fluctuations in the number of charge carriers created by each interaction and the 
electronic noise, defined as Eq. (7): 


AE ye” = 2.357 FwEre + (ELNY’ (7) 


In Eq. (7), F is the Fano factor, w is the ionization energy, and ELN is the electronic 
noise. 

The angular uncertainty due to energy contribution is inversely proportional to 
the gamma-ray energy, as shown by Eq. (6); the higher the energy, the better the 
angular resolution, making the Compton camera work better at medium to high 
energies. In addition, the angular resolution improves with the energy resolution of 
the scatterer detector. In Fig. 2, the semiconductor materials Ge, Si, and CZT for a 
gamma-ray source of 511 keV were chosen to show energy resolution effects since 
they are used in most Compton cameras. The energy resolutions of the different 
materials used were estimated from mathematical models found in the literature 
[27, 54, 56]. 

The other parameter that affects the Compton camera angular resolution is 
Doppler broadening. The scattering angle distribution, known as the Klein-Nishina 
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equation, is based on photons colliding with free and stationary electrons. How- 
ever, in reality, gamma-ray interacts with moving electrons bound to atoms with 
momentum around them. Therefore, when the momentum and energy depend on 
the target electrons become essential (i.e., at low deposited energy or higher atomic 
numbers), the Klein-Nishina equation does not satisfy scattered electron energy 
distribution. Thus, instead of a unique value for a certain scattering angle, seen an 
energy distribution for the scattering photons. In other words, there is a distribution 
of scattering angles for specific stored energy that distributes around the central 
angle 0; which means not only a unique value for scattering angle can not be 
attributed by measuring the stored energy, but also should consider almost a Lorentz 
distribution around the central angle 6. The higher the photon’s energy or, the lower 
the atomic number, the lower value for FWHM of angular uncertainty would cause. 
Thus, the Doppler broadening will increase for more large angles. 

The degree of the Doppler broadening in a target atom can be calculated from 
the probability for Compton scattering from an electron in the n“ sub-shell into 
scattering energy and angle E4 and @, respectively. The double-differential cross 
section for Compton scattering that also includes energy dependency and electron 
momentum is shown as Eq. (8) [57]: 


d? ramy (Ec E E 
( 5 i ) = 7 : ( a x) 4 Jn (Pz) 
dQdE 4 /, Eo \Eo Ec /E3 + £3 — 2EoEa cosd 


(8) 


where o is the Compton cross section, E, is the energy given by the Compton 
equation, mo is the electron mass, ro is the classical electron radius, Q is spatial 
angle, and J,(P,) is the Compton profile for the n" sub-shell of the target atom. 

The intensity of scattered photons at any scatter energy E'4 is proportional to the 
value of Compton profile at the corresponding (p-), which is referred to as “electron 
momentum” and is given by Eq. (9) [48]: 


Ey — Ea — EgE, (1 — cos) /moc? 
Pz = (9) 
[ER + EX - 2EoEa cos 6 


where mgc* is the rest mass energy of the electron, and p, is the projection of the 
electron’s pre-collision momentum on the momentum transfer vector of the gamma- 
ray. 

The angular uncertainty due to the effects of Doppler broadening is given by Eq. 
(10) [56]: 


09 = — (kpzopz) (10) 


where 
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1 De aes 
Be es Eq Ep sin (11) 


2 =, = 
deal mocy/ E2 + En — 2E jE, cos6é 


_ _ VE + Ea’ ~ 2E0E a cos 
pz = 


(12) 


moc 


In Eq. (11), the term kg is the contribution of the energy resolution, and in Eq. 
(12), kpz is the contribution of the Doppler broadening to the angular uncertainty. 
The parameter op; can be estimated by the width of the total Compton profile of 
the target atom, and the over-bars indicate the mean values of the corresponding 
variables. 

The uncertainty in the number of charge carriers produced by each photon 
interaction is the statistical noise [58]. This noise makes a physical limit on the 
energy resolution. Since the number of charged carriers (N) is proportional to the 
deposited energy, for a Poisson process, then the energy resolution is defined by Eq. 
(13): 


2.35 
Eves = WIN (13) 


which is not a Poisson process and needs the Fano factor to be modified. The noise 
coming from the electronic setup is called ENC [55]. 

Detector geometry in the Compton camera plays a vital role because it influences 
spatial and scattering angle uncertainty. The angular uncertainty due to the geometry 
contribution is inversely proportional to the square of the distance between the 
scatterer and absorber detectors [23]. To measure geometry uncertainty, which 
includes AO, A63, and A@4 for spatial uncertainty, consider Eqs. (14) (15) and 
(16): 


d 
S tan(@ + Adz) = oT tan (0 + d) (14) 
L 
S tan (@ + A@3) = (s + 5) tan@ (15) 
S tan(@ + A64) = S tand+r (16) 


where S is the distance between scatterer and absorber detectors, d is the scatterer 
pixel width, L is the scatterer pixel thickness, @ is the half-angle subtended by a 
pixel in the scatterer detector, and ris the FWHM position resolution of the absorber 
detector [59]. 
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Any radiation detector’s efficiency is determined by geometric and intrinsic 
efficiency. The geometric efficiency is the ratio of photons emitted by the source 
to valuable signals detected in the camera. The fraction of gamma rays reaching 
a radiation detector that results in valuable signals is known as the intrinsic 
efficiency of the detector [55]. The intrinsic Compton camera efficiency is defined 
as the fraction of photons entering the first detector that undergoes only one 
Compton scattering and is then photoelectrically absorbed in the second detector 
and according to Eq. (17) as follows [54]: 


1 = do = 
fice = a, | / dv7AQ| be (Ep) e eer ay AQre Ht ZOL12) 4, (£1) 
det 1 det 2 
(17) 


where &2; is the solid angle subtended by the scatterer detector at the source, A{2 | 
is the solid angle for a differential volume element dv in the scatterer detector, (22 
is the solid angle subtended by the absorber detector at the interaction position in 
the scatterer detector, L; is the attenuation length in the scatterer detector between 
the source and dv, L2 is the attenuation length between the two elements dv; and 
dv2, Me, Lp, and j1; are the Compton, photoelectric, and the total linear attenuation 
coefficients respectively and ne is the Klein-Nishina Compton scattering angular 
cross-section per electron. 

As can be seen from Eq. (17), efficiency depends on incoming photon energy, 
geometry, system, and the detectors; In fact, the probability of interactions, 
deposited energy in detectors and the relation between irradiated photons are 
all stochastic processes; So, the efficiency calculation is more complicated than it 
seems. The following is an introduction to the GEANT4 Monte Carlo code used to 
simulate the Compton camera. Then, based on the results obtained in the simulation, 
the parameters affecting the efficiency of the Compton camera will be examined 
separately. 


3 Sensitivity Analysis of Efficiency in Compton Imaging 
System 


In the present section, the efficiency of a Compton camera was studied based on 
semiconductor detectors using the GEANT4 simulation toolkit [60]. This tool, 
performs so well in Monte Carlo processes simulations, especially in medical 
applications [61]; therefore, in high-energy physics, astrophysics, cosmic rays and 
particle accelerators, GEANT4 is being used for simulations [62-64]. 

The effects of various and influential parameters on the efficiency of the Compton 
camera have been investigated, including source distance to the scatterer detector, 
the distance between the two detectors, thickness, dimensions, and semiconductor 
type of the absorber and scatterer detectors, number of scatterer detectors with 
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Fig. 4 A sample of a simulation by Compton imaging systems with !37Cs source 


different thicknesses, and the energy of the radioisotope, as shown in Fig. 3 [65]. The 
efficiency is determined by the energy of gamma-ray, system geometry, and detector 
martial. Interaction probability, energy deposition in both detectors, and photon 
intervals are random. This study uses GEANT4 to simulate a simple Compton 
camera pattern using semiconductor scatterer and absorber detectors, as illustrated 
in Fig. 4, via changing one parameter and keeping the other parameter’s constant. 
The scatterer and absorber detectors’ geometry, energy resolution, and spatial 
resolution (i.e., detector segmentation) are all included in the simulation model. 
The sensitivity analysis of the Compton imaging system’s efficiency to the optimal 
parameters is investigated in this study. The characteristics of the semiconductor 
detectors and the different radioisotope sources with their most probable emitting 
photons used in this simulation are given in Tables | and 2, respectively. 
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Table 1 The features of the semiconductor detectors used in this simulation [66] 


Density (<5) Pair-Production needed energy (eV) | Energy gap (eV) | Atomic No. | Material 


2.33 3.65 (300 K) 1.106 (300K) | 14 Si 
5.33 2.96 (77 K) 0.67 (77 K) 32 Ge 
6.06 4.43 (300 K) 1.47 (300 K) 48, 52 CdTe 
6.04 4.22 (300 K) 2.13 (300 K) 80, 53 Hel 
§.32 4.51 (300 K) 1.45 (300 K) 21, 33 GaAs 
6 4.64 (300 K) 1.57 (300 K) 48, 52,30 | CZT 
Table 2 The sources with Energy (keV) Source 
their most probable emitting BI 
photons used in this 364.4 au 
simulation [66] 412 8 Au 

511 UG 

662 BICs 

835 4Mn 

1274 Na 


3.1 Distance Between the Detectors and the Radioisotope 
Source 


In Fig. 5, the efficiency of the Compton camera is evaluated by changing the distance 
between the radioactive source and the scatterer detector. The range of changes in 
distance between the source and the detector was from | to 75 mm, and the step of 
each change was 2 mm. According to Fig. 5, the efficiency decreases exponentially 
as the distance between the scatterer detector and source increases. That is because 
of having fewer events to determine the location and intensity of the source. As 
shown in Fig. 5, the effects of the distance between the scatterer and absorber 
detectors on efficiency were also studied. The distance changes between the two 
detectors were from 5 to 190 mm, and the step of each change was 5 mm. Figure 5 
shows that the more the distance between the two detectors, the more efficiency 
decreases. 


3.2 Geometry of the Detectors 


Changes to the dimensions of the scatterer detector plate were made to investigate 
the effect of geometry on efficiency (Fig. 5). The range of the scatterer detector 
plate was 5 x 5 mm? to 200 x 200 mm? with a constant thickness and 5 x 5 mm? 
steps per change. As shown in Fig. 5, the efficiency increases with the dimensions 
of the scatterer detector plate up to the 80 x 80 mm/?. Then, it has a saturation 
value. In the next step, the sensitivity analysis of the efficiency to the dimensions 
of the absorber detector plate was investigated. The range of the absorber detector 
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Fig. 5 Efficiency of distance changes between (a) the radioactive source and scatterer detector 
and (b) the scatterer detector and the absorber detector. Efficiency of (¢) Compton camera vs. 
dimensions of the scatterer detector and (d) Compton camera vs. dimensions of the absorber 
detector. Efficiency of the Compton camera vs. the thickness of the (e) scatterer detector and (f) 
absorber detector. (g) Efficiency vs. the energy source 


plate was 5 x 5 mm? to 200 x 200 mm? with a constant thickness and 5 x 5 mm? 
steps per change. The efficiency of the absorber detector plate increases with the 
dimensions of the absorber detector plate, as illustrated in Fig. 5. 

In the next step, the thickness of the scatterer detector was changed; while, 
the other parameters were considered constant. The range of the scatterer detector 
thickness with the dimensions of the constant detector plate is obtained from | to 
40 mm, and the steps of each change are 1 mm. According to Fig. 5, the efficiency 
increases with the increase in thickness of the scatterer detector up to 12 mm 
thickness. The highest efficiency value belongs to the thicknesses between 12 and 
18 mm. Then, it decreases as the thickness of the scatterer detector goes higher than 
18 mm. The effects of the thickness of the absorber detector on the Compton camera 
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efficiency were also studied. The range of the absorber detector thickness with the 
dimensions of the constant detector plate was from | to 40 mm, and the step of each 
change was | mm. As seen in Fig. 5, the efficiency increases as the thickness of the 
absorber detector increases, eventually reaching saturation. 


3.3. Energy of Gamma-Ray 


The simulation was done for several energies in the range of 0.1-10 MeV to 
investigate the effect of gamma-ray energy on the efficiency of the Compton camera. 
As shown in Fig. 5, the efficiency of the Compton imaging system has its high values 
in the energy range between 0.3 and 1.5 MeV. In fact, for this design model, the 
sources generating gamma rays with this energy range have the highest efficiency 
values for the Compton camera. 
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In the continuation of the research, the radioactive sources listed in Table 2 are 
investigated for the ranges of Fig. 5 that have the highest efficiency. According to 
Table 2, gamma-ray sources including 1317 198 Au, ic 137C5, 54Mn, 22Na were 
selected in the present study. The gamma-ray energy, most likely emitted by the 
sources, was chosen for this study. 

In Fig. 6, the study efficiency of the Compton camera was by changing the 
distance between the radioactive source and the scatterer detector for the sources in 
Table 2. The range of change for the distance from the source was from 1 to 15 mm, 
and the step of each change was 2 mm. The maximum efficiency in most parts of 
the graph is related to ''C. In Fig. 6, for the sources in Table 2, the effects of the 
distance between the scatterer detector and the absorber detector on efficiency were 
also studied. The distance change between the two detectors was from 5 to 70 mm, 
and the step of each change was 5 mm. The maximum efficiency in most parts of 
the diagram is for ''C and !?8Au. As shown in Fig. 6, the effect of geometry on the 
efficiency parameter changes was made to the dimensions of the scatterer detector 
plate for Table 2. The range of change was from 70 x 70 mm? to 100 x 100 mm? 
with each step of 5 x 5 mm’. The maximum efficiency in all parts of the graph is 
related to ''C. Also, as shown in Fig. 6, the sensitivity analysis of the efficiency 
to the dimensions of the absorber detector plate for the sources in Table 2 was 
investigated. The range of change was from 20 x 20 mm? to 200 x 200 mm”, 
and the step of each change was 20 x 20 mm”. The maximum efficiency in all parts 
of the graph is ''C and !°8 Au. In the following studies for the sources in Table 2, 
the thickness of the scatterer detector was changed. The change range was from 10 
to 30 mm, and the step of each change was 2 mm. According to Fig. 6, ''C has 
the maximum efficiency in all thicknesses. Also, the efficiency study for absorber 
detector thickness changes in the same range as the maximum scatterer detector 
thickness was performed. Figure 6 shows the efficiency diagram in terms of absorber 
thickness changes for sources in Table 2. According to the results in Fig. 6, at all 
thicknesses, !!C has the maximum efficiency. 


3.4 Material Scatterer and Absorber Detectors 


In the continuation of the study, the efficiency was evaluated by changing the 
material of the scatterer detector and keeping the other parameters constant. In Table 
3, the efficiency in terms of differences in the material of the semiconductor scatterer 
detector and the Ge absorber detector for different sources emitting their highest 
gamma-ray energy is evaluated. As shown in Table 3, the maximum efficiencies in 
all different materials used for scatterer detectors are ''C and !3’Cs. 

Also, the efficiency was evaluated by changing the material of the absorber 
detector and keeping the other parameters constant. As shown in Table 4, the 
efficiency results in terms of differences in the material of the semiconductor 
absorber detector and the Si scatterer detector for different sources with their 
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Fig. 6 Efficiency of the Compton camera vs. (a) the distance between the radioactive source and 
scatterer detector, (b) the distance between the scatterer detector and the absorber detector, (c) 
dimensions the scatterer detector, (d) dimensions the absorber detector, (e) the thickness of the 
scatterer detector and (f) the thickness of the absorber detector for different sources 
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Table 3 Different materials for semiconductor scatterer detector for different sources 


Efficiency (x 10-*) 


Energy (keV) Si Ge CdTe Hgl GaAs CZT 

317 (364.4) 7.151 7.320 3.277 0.875 7.265 4.008 
198 ay (412) 9.411 10.781 6.028 2.348 10.730 6.838 
"C (511) 9.783 12.606 9.109 5.085 12.592 9.789 
'37Cs (662) 7.829 10.658 9.162 6.270 10.692 9.674 
54Mfn (835) 5.843 8.324 7.785 5.839 8.349 7.938 
22a (1274) 3.280 4.900 4.807 3.863 4.914 4.884 


Table 4 Different materials for semiconductor absorber detector for different sources 


Efficiency (x 10-4) 


Energy (keV) Si Ge CdTe Agl, GaAs CZT 

1317 (364.4) 0.219 7.151 21.151 29.440 7.244 18.850 
198 Ay (412) 0.314 9.411 31.485 48.078 9.538 27.478 
Ne (511) 0.300 9.783 38.364 69.355 9.845 32.602 
137 Cs (662) 0.244 7.829 33.938 70.060 7.904 28.122 
54 Vin (835) 0.169 5.843 26.449 58.851 5.927 21.850 
22.Na (1274) 0.081 3.280 15.439 36.304 3.261 12.557 


most probable emitting energy are discussed. As shown in Table 4, the maximum 
efficiencies in all different materials used for absorber detectors is !!C. 


3.5 Number of Scatterer Detectors 


In the continuation of the investigations, the number of scatterer detector layers 
was examined by keeping other parameters constant. According to Fig. 5, the best 
thickness of 17 mm was obtained for Si in this study. For this reason, this thickness 
was separated into smaller layers, and the efficiency was evaluated for smaller 
layers; In addition, the efficiency was calculated as before, in this study, multiple 
scattering as well as in real detectors recorded by coincidence, was not removed. 
Because Compton scattering interferes with image reconstruction more than once, 
the scatterer detector layering method reduces the number of Compton scatterings. 
For example, a scatterer detector is divided into several different layers of the same 
thickness at a distance of 1 mm, according to Table 5. The total thickness in each 
division is 17 mm. According to the results, the efficiency is optimal for eight 
scatterer layers of the same thickness with a distance of 1 mm. In fact, in the number 
of layers between 14 and 17, the efficiency ratio for single to multiple modes is equal 
to the same ratio in 8 layers. However, the single efficiency is higher in 8 layers. 
Different research groups used Compton cameras for the experimental study to 
get different results. Energy resolution, efficiency, angular resolution, and spatial 
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Table 5 Evaluation of efficiency for different number of scattering layers of Si material with total 
thickness 17 mm with a distance of 1 mm from each other 


Efficiency considering | Efficiency considering 

multiple Compton the single Compton 

scattering in scatterer _| scattering in the 

detector and scatterer detector and 
Number of scatterer | absorption in absorber | the absorption in the Single to multiple 
detector layers detector(10~*) absorber detector(10~*) | ratio 
1 118.751 8.417 0.070 
2 117.035 8.415 0.071 
3 115.841 8.576 0.074 
4 114.715 8.596 0.074 
5 113.713 8.474 0.074 
6 112.779 8.502 0.075 
7 112.184 8.649 0.077 
8 111.294 8.991 0.080 
9 110.575 8.540 0.077 
10 109.853 8.554 0.077 
11 109.593 8.676 0.079 
12 109.090 8.681 0.078 
13 108.256 8.619 0.079 
14 107.722 8.639 0.080 
15 107.914 8.712 0.080 
16 107.785 8.724 0.080 
17 107.083 8.636 0.080 


resolution were all studied by each research group [52]. Table 6 summarizes the 
conclusions of many experimental studies for various Compton cameras worldwide 
and simulations performed in this research using the GEANT4 tool. According 
to the results, the difference between efficiency values and experimental research 
is because of errors in the energy recorded in a detector, the resolution for the 
coincident of the event used, and the systems used to record the data in the 
experimental study. 


4 Conclusion 


Compton cameras can be an excellent alternative to other nuclear imaging systems 
such as gamma camera and SPECT. They also use electronic collimators instead 
of mechanical collimators because Compton cameras can detect a wide range 
of gamma-ray energies. It can be used in applications such as medicine and 
astrophysics. And also, as mentioned, to design any Compton camera, energy 
resolution, angular resolution, spatial resolution, and efficiency must be considered. 
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Table 6 Comparison of the results of different studies for different Compton cameras in the world 
and simulations in this study 


Efficiency in 

Efficiency in| experimental Research Detector 

simulation research Year group Energy (keV) | matrials 

5.9 x 1073 2.6 x 1073 1983 University of | 140 HPGe/Na(T1) 
Southern 
California 

5.5 x 1073 2.7 x 1073 2008-1998 | University of Si/Na(T1) 
Michigan 

2.4 x 107? 1 x 1077 2005 Japan 360 Si/CdTe 
Aerospace 
Exploration 
Agency, Japan 

4.1 x 10-> 1 x 1075 2009-2006 | Kyoto TPG/GSO 
university (ETCC) 

6.7 x 1078 4.1 x 1078 2010 Hanyang 511 Si/Na(T1) 
university 

3 x 1074 15x 107+ =| 2001 University of CZT 
Michigan 

6.3 x 10> 3.1 x 1079 2011-2004 | UCL university | 662 HPGe 

59x 107? 4x 107? 2007 University of HPGe 
Liverpool 


Another option that can be effective in obtaining the position and intensity of 
the radiation source in Compton cameras is the algorithm used to reconstruct the 
images. The better the accuracy and minor error of the algorithm used and the better 
the intensity of the radioactive source, the better the algorithm. Of course, one of 
the challenges of the Compton camera, which is less commonly used than other 
imaging devices, is developing and using an appropriate algorithm. The methods of 
reconstructing images in the Compton camera can be examined in a separate chapter. 
In this chapter, only the Compton camera performance parameters were studied. 

According to the results in this study, for the distance between the source and 
the scatterer detector to have good efficiency (for a source with the same number of 
particles), the source should be in the environment for a longer time. Proximity 
to a radiation source (especially in medical applications) can be dangerous and 
damaging. Also, the half-life and activity of the radioactive source should be 
selected according to the application. 

As the distance between the two detectors increases, the efficiency decreases 
because the beam emitted from the source travels longer to reach the absorber 
detector. As a result, the probability of other interactions before reaching the 
absorber detector increases, resulting in fewer events and, consequently, lower 
efficiencies. The shorter the distance between the detectors, the better the efficiency; 
however, this is impossible due to the limitations of producing such a low distance 
between the detectors. The appropriate distance between the detectors must be 
selected. 
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According to the results in the research, with increasing the dimensions of the 
scatterer detector plate, the amount of efficiency increases up to the dimensions of 
the absorber detector plate. However, a size larger than the absorber detector reaches 
a degree of saturation. The low efficiency in dimensions more considerable than the 
dimensions of the absorber detector plate is the recording of almost all the events 
that the single Compton scattering in the scatterer detector has done and reached the 
absorber detector. In fact, with a large scatterer detector screen, events that do not 
reach the absorber detector will increase and will not affect efficiency. 

By increasing the dimensions of the absorber detector plate, the amount of 
efficiency increases almost linearly. The larger the absorber detector plate, the more 
likely the photons made by a Compton scatter in the scatterer detector will be 
absorbed, and the efficiency will increase. Considering a large absorber detector, 
it is not economical but costly if it is more than a scatterer detector. 

Moreover, according to the results in this study, with increasing the thickness of 
the scatterer detector, the efficiency first increases and then reaches the maximum 
value and then decreases. Because Compton scattering does not occur at low 
thicknesses and increases at higher thicknesses of multiple Compton scattering, the 
optimal thickness can be found for any Compton imaging system design. The type 
of scatterer detector, Compton interaction cross-section, photoelectric interaction 
cross-section, and radionuclide source energy will significantly determine this 
optimal thickness. 

Also, increasing the thickness of the absorber detector increases efficiency. In 
fact, as its thickness increases, the photons that make up a Compton scatter in 
the scatterer detector are more likely to absorb the photoelectric in the absorber 
detector. It is for sure that very large thicknesses are not economical for the absorber 
detector because almost all the events necessary for efficiency will be absorbed from 
a thickness. 

Furthermore, suppose this thickness is divided into several smaller layers, the 
scatterer detector with the same distance as the design studied in | mm. In this case, 
various components are reduced while the efficiency stays essentially unchanged. 
Of course, if the layers are selected from a smaller thickness, Compton scattering 
will no longer occur. For this reason, the thickness and number of scattering layers 
are essential to achieve the optimal design. 

The best semiconductor scatterer detector can be “GaAs” and “Ge”. Also, it 
should be noted that “Ge” detectors can be stored at room temperature, but better 
performance should be taken to lower temperatures during operation. Therefore, to 
reduce noise, “Ge” detectors should always be kept at a low temperature, but the 
“GaAs” detector is known as a semiconductor material that can operate at room 
temperature. Therefore, the choice of “GaAs” as the scatterer detector in this design 
is proposed. The best semiconductor absorber detector can be “HglI>” and “CdTe’”’. 
These interpretations show that choosing absorber and scatterer detector material is 
essential for efficiency to increase the correct number of events. 
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Spatial Localization of Radioactive ®) 
Sources for Homeland Security oi 


Konstantinos Karafasoulis and Aristotelis Kyriakis 


1 Introduction 


In the new era of homeland security there is a growing concern regarding the 
possession and the potential use of radiological materials by terrorist groups usually 
in the form of a radiological dispersion device (RDD), also known as “dirty bomb”. 
Since the defended areas from such a threat may not have specific entrance and 
exit points, the problem of how to localize and identify a radioactive source in 
an open area should be investigated. The detection has to overcome a variety of 
uncontrollable factors, such as the presence of benign sources, time and space 
varying background noise, and obstacles that may occlude signal from sources. 

In general localization of radioactive sources or hotspots is a major issue for 
radiological safety of operators in nuclear facilities and in National Security. For this 
purpose, portable Gamma-Ray Imaging (GRI) systems allow remote localization of 
radioactive sources from greater distances than conventional rate meters, leading to 
significant reductions of the dose received by operators. 

The difficulty with the operation of a GRI system originates from the y-ray 
detection difficulty. Energetic y-rays interact with matter with low efficiency. As 
a result large detectors are needed which are made of expensive heavy elements. 
Another option is to use pixelated array detectors which have a large number of 
pixels that are rather expensive to be constructed, in contrast to the normal optical 
wavelength light cameras. Furthermore, gamma rays do not interact with lenses 
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and focusing equipment, which results in a limited field of view of the gamma ray 
detectors. 

A way to go around this is to have a mechanical collimation. In this methodology 
a raster scanning approach is used with a single detector of one pixel that is moving 
around. Although such a device is relatively inexpensive, the whole process is rather 
slow. These types of imaging systems are based on a shielded collimated detector. 
The collimators may have a 2, 4 or 9 degree field of view [1, 2]. An image is 
produced by raster scanning the sensor head and recreating the gamma image by 
overlapping the results of each measurement. They have been used extensively in the 
past. However nowadays are becoming obsolete. A way to improve the localization 
accuracy of such a system is described in Sect. 2. 

A more advanced technique is to use pixelated detector arrays as coded aper- 
ture devices. Nowadays, portable coded aperture gamma cameras for industrial 
applications are undergoing impressive developments and improvements in terms 
of lightness, usability, response sensitivity, angular resolution, and spectrometric 
capabilities [3-5]. One of the latest versions of these devices that have been 
proposed integrates a | mm thick CdTe sensor directly bump-bonded to a Timepix 
chip [6], a tungsten coded-aperture mask, and a mini RGB camera. However, a 
drawback of the coded aperture imaging approach is its limited field of view (FOV) 
[7] which is of the order of 60° and was tangled with the panoramic coded aperture 
gamma camera proposed in [8]. These devices are relatively fast but often expensive 
due to the pixelated array and are limited by the correct choice of the MURA type 
mask to detect close or large distance sources. 

Another methodology that is commonly used is the Compton Cameras (CC). 
Compton imaging is a visualization technique that uses the kinematics of Compton 
scattering for the reconstruction of a gamma radiation source image [9]. A conven- 
tional CC is composed of two detector layers. A scatterer (low-Z material) and an 
absorber (high-Z material) working in time coincidence. The aim is to maximize the 
probability of Compton scattering in the scatterer and photoelectric absorption of the 
scattered photon in the absorber. The energy resolution of the scatterer is particularly 
important to accurately determine the scattering angle and to reduce the effect of 
Doppler energy broadening, due to the initial momentum of the bound electron [10]. 
The absorber detector records the energy and position of the scattered gamma. Using 
the Compton scattering equation, it is possible to determine the scattering angle 
and estimate possible directions of the original gamma ray as a surface of a cone. 
By overlapping several such cones from many events the location of the radiation 
source can be determined. However, in experimental data there is a non-negligible 
percentage of invalid events that contribute to the background such as partial 
energy absorption events (recoil electron or scattered photon escapes), incorrectly 
ordering of interactions and random noise. The CCs have been successfully used 
for detecting illicit nuclear materials, recovering orphan radioactive sources, and 
delimiting suspicious radiological contaminated areas. The hardware of CCs is often 
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comprised of a scintillator detector for the absorber and one or several detector 
layers for the scatterer based on different technologies such as scintillator crystals 
coupled to compact SiPM/MPPC arrays [11, 12], semiconductor detectors like Si, 
CdTe or CdZnTe [13, 14]. In general CCs are widely used in the fields of y-ray 
astronomy, nuclear medicine, nuclear waste inspection and homeland security. They 
are effective but expensive devices as well since they are based on pixelated arrays 
for the readout of both the scatterer and absorber layers. Due to the physics of 
Compton scattering, they could be inefficient at low photon energies particularly 
below 300 keV. However, this is mainly the range of interest in national security. 
This can be improved by selecting appropriate materials for the scatterer and 
absorber layers. Thus, in principle it is rather difficult to find a material that could 
cover efficiently both the low and high y-ray energy spectrum. 


2 Radioactive Source Localization Using a Single Sensor 
and Collimator 


In this section the localization of a radioactive source using a single sensor and a 
collimator will be discussed by adding a simple by quite efficient trick. The basic 
idea is to increase the localization accuracy of such a device by moving the sensor 
inside a mechanical collimator. In Fig. 1 this device is hosted in a semi-autonomous 
rover. The mechanical collimator is made of lead with at least 1 cm thickness. The 
sensor can move inside the collimator with a piston like mechanism (Fig. 2). The 
measurements taken using a laboratory low activity '**Eu radioactive source are 
shown in Fig. 3. It can be seen that the number of counts reaches a maximum when 
the sensor head (in this case a CTZ sensor) is aligned to the source position. It was 
proved that a source localization accuracy better than 20° can be achieved when the 
sensor head was 4 cm deep inside the collimator. Thus, the greater the depth of the 
sensor inside the collimator the better the localization accuracy is. 


3 Radioactive Source Localization Using a Network of CZT 
Sensors 


In this section a sensor network for radioactive source localization will be discussed. 
The proposed sensor network topology is shown in Fig. 4. The sensor network is 
consisted of five sensors in a planar cruciform topology. In the following both an 
analytical and machine learning algorithm will be described capable to localize a 
stationary radiation source in 3D. The sensor network can be thought as a core 
module of an easily expandable network topology. 
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Fig. 1 Semi —autonomous 
rover equipped with the 
mechanical collimator and the 
y-ray spectroscopic sensor 
that could move inside the 
collimator with a piston like 
mechanism 


Fig. 2. The CZT spectroscopic y-ray sensor inside the lead (1 cm thick) collimator. The sensor can 
move backward and forward using a piston like mechanism 


3.1 Analytical Method 


A radioactive source is placed in several positions in planes parallel to the plane 
defined by the five sensors. For each source position, the source spectrum of each 
sensor has been recorded. Since each source has a unique energy spectrum only 
the photo-peak counts could be taken for further processing. The analytical source 
localization algorithm could be explained with the help of Fig. 5. 

In the analytical algorithm the only parameters that should be provided are the 
horizontal inter-sensor distance (S,) and the vertical inter-sensor distance (Sy). Then 
the radioactive source position S(X,, Y;, Z,) can be estimated using the photo-peak 
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Fig. 3. Performance in source localization of a single CZT y-ray spectroscopic sensor that could 
move with a piston like mechanism inside a | cm thick lead collimator. The source angle estimation 
could be better that 20° the case where the sensor depth inside the collimator is great enough 


counts (Aj, i = 2,5,7,8,9) recorded by the five spectroscopic sensors and the fact 
that the number of recorded counts is inversely proportional to the square of the 
source-sensor distance (Rj, i = 2,5,7,8,9). 

Using simple calculus the coordinates S(X,, Y,, Z,) of the radioactive source can 
be evaluated as follows [15]: 
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Similarly: 
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Fig. 4 Schematic of the setup of the five sensors in planar cruciform topology (in blue). The 


energy response of the sensors is recorded as a radioactive source (in red) is placed in various 
positions (in green) at planes parallel to the sensor plane 
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Finally the depth coordinate (Z,) can be estimated by the formula: 
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Fig. 5 The schematic explains the analytical method used for the localization of a radioactive 
source in 3D S(x;,yr,zr). The horizontal inter-sensor distance (Sx) and the vertical inter-sensor 
distance (Sy) are the only parameters needed by the analytical algorithm 
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The analytical method described above can give quite accurate estimation of the 
horizontal and vertical position of the source. Experimental tests that have been 
performed using a bare !3’Cs source with activity of 7 MBq and exposure time of 
3 min gave a spatial position accuracy of less than 15 cm at a distance of 120 cm 
from the sensor plain within a monitoring volume of 5 m x 2.8 m x 2 m. In the 
setup the inter-sensor distances were Sx = 2.5 m and Sy = 1.4 m. The spatial 
position distributions for the bare source at a distance of 120 cm from the sensor 
plain can be seen in Fig. 6. The depth of the source can be also estimated using 
the analytical method but it was proved that this can only be done with a systematic 
error. This is due to the fact that the analytical method does not take into account the 
geometrical form factors of the sensors and the radiation attenuation of the medium 
between the source and the sensors (in general unknown parameter). This leads to an 
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Fig. 6 Horizontal (top) and Vertical (bottom) spatial accuracy distributions calculated using the 
analytical method for a !37Cs source of 7 MBq located 120 cm away from the sensor plane and for 
exposure time of 3 min 


underestimation of the counts recorded by the sensors. To overcome this problem 
an approach based on machine learning techniques has been applied and will be 
described in the next Sect. 3.2. 


3.2. Machine Learning Methods 


As it was mentioned in the previous Sect. 3.1, the analytical method has some 
limitations especially in the source depth estimation. The use of fusion algorithms 
based on machine learning techniques can improve the situation [16]. The most 
promising algorithms were based on regression Neural Networks (MLP) and 
Gradient Boosted Decision Trees (BDTG). In general when dialing with machine 
learning techniques the problem is to find the most appropriate data sets to perform 
the training of the algorithms. Since a large number of data is needed to train the 
algorithms the most obvious approach is to use simulated events. This approach 
has some handicaps since it needs a lot of computational power and a very good 
simulation of the whole environment of the experimental setup. A second approach 
is the training of the machine learning algorithms to be done using an enriched 
set of experimental data (defined as the response of the sensors in different 3D 
radiation source positions) collected with the sensor network and exploiting the 
symmetry of the network topology as it was presented in Fig. 4. The initial small set 
of experimental data points could be increased to a few thousand 3D source position 
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points by utilizing both the symmetry of the network topology and the fact that the 
response of the sensors is proportional to Ae~“*/R*, where A represents the source 
activity and the sensor efficiency and R is the distance in 3D between each sensor 
and the radiation source. Finally the factor e~“* corresponds to the absorption term. 
Using the proposed data driven method thousands of data points could be generated 
and subsequently used for the training of the machine learning algorithms. The 
benefit of this approach is that without any significant computational cost the effects 
of both the radiation absorption and scattering can be taken into account, which 
in other circumstances would require a detailed description of the surrounding 
materials in order to produce reliable simulated data of the experimental setup. 
When the effect of the radiation absorption and scattering is not taken into account 
the source localization especially in the depth direction (source transverse distance 
from the sensor plain) could be biased or not been able to be estimated at all, 
especially when dealing with slightly shielded sources. 

After the creation of the training data set using the above procedure the following 
basic steps are implemented: 


e The number of events recorded by each sensor is normalized to the recording of 
the sensor having the maximum number of events during the same time window. 
By applying this step the method can handle sources with different activities, 
since the relative sensor response will be the same. 

¢ Machine learning techniques are used to estimate independently the horizontal 
(X), vertical (Y) and depth (Z) position of the source by taking into account 
the normalized sensor counts. Extensive tests showed that better results can be 
obtained by choosing three independent models, one for each space coordinate 
rather than having one model with two or three coordinates as outputs of the 
machine learning algorithms. 


The above described data driven method has been proven to be quite flexible since 
it can be applied to localize not only bare but also slightly shielded radioactive 
sources. For the slightly shielded source, tests were performed using a lead shield of 
1 cm width around the bare '*’Cs source. A set of weight factors can be produced 
for each case separately, during the training of the machine learning methods. 
The source localization accuracy in this case for both bare and shielded source 
can be seen in Fig. 7. In this figure, the horizontal (top), vertical (middle) and 
depth (bottom) resolution defined as the RMS of the accuracy (estimated — true 
coordinate) distribution as a function of the exposure time in seconds are presented. 
Left (Right) column shows the bare (slightly shielded) source results for a 131s 
source of 7 MBq at various parallel plains of source positions (Z = 40 cm, 80 cm, 
120 cm) from the sensor plane for both the MLP and the BDTG methods. The 
analysis showed that a bare source localization resolution of the order of less than 
15 cm could be archived in both horizontal and vertical directions after at least of 
40 sec of exposure time, whilst the corresponding depth resolution is of the order of 
less than 20 cm. The resolution gets slightly improved by increasing the exposure 
time. The two machine learning methods give very similar results. In addition a 
slightly shielded source can be also localized in 3D with corresponding resolutions 
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Fig. 7 Horizontal (top), Vertical (middle) and Depth (bottom) spatial accuracy as a function of 
the exposure time calculated using the machine learning methods for a bare '57Cs source (left) and 
slight shielded !57Cs source (right) located in various distances away from the sensor plane 


of less than 20 cm in both horizontal and vertical directions and 30 cm in depth after 
at least of 40 sec of exposure time within a monitored volume of 5 m x 2.8m x 2m. 
In the case of the shielded source the mean value of the accuracy distribution is 
affected by a small bias which reaches the maximum of 15 cm at large values of the 
depth coordinate. This could be caused by the small number of recorded counts in 
this region and can be improved by using sensors with larger sensitive volume. 
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4 Radioactive Source Localization Using a Single Sensor 
in 360° 


To overcome the limitations of the restricted field of view of the Gamma-Ray 
Imaging systems mentioned in the introduction, in this section a device capable 
to perform radioactive source localization in 360° using a single scintillator crystal 
will be discussed. The response of such a device has been studied using simulation. 
A similar system has also been introduced in [17]. 

As it can be seen in Fig. 8 the proposed device consists of a 2/7 x 3/7 Nal 
cylindrical scintillator. At one endcap of the scintillator cylinder a SiPM array of 
12 x 12 cells is placed. The source can be placed around the axis of the scintillator 
(Y axis) as it is shown in the Fig. 8. 

An extended simulation campaign for the proposed device has been performed 
using the ROOT-based package ANTS2 [18]. Various source types spanning from 
241 Am to Co (Le. 241 Am, 57Co, 152By, 22Na, !37Cs and Co sources) positioned 
around the detector in 36 different azimuthal angle positions, with a separation angle 
of 10° between them. In the simulation the light emitted by the Nal scintillator 
crystal has been collected by the SiPM array, stored and subsequently analyzed. In 
Fig. 9 an indicative simulated response of the SiPM array is shown for a>’Co source 
that emits from an azimuthal angle of 160° (conventionally, source azimuthal angle 
of 0° is considered as a source emitting from the positive x-axis). Similarly in Fig. 
10 an indicative simulated response of the SiPM array is shown for a !3’Cs source 
that emits from an azimuthal angle of 270°. 

From the figures above it is obvious that the azimuthal direction of the radioactive 
source can be estimated in 360° around the device. As a first approach a simple 
analytical algorithm has been used to estimate the source azimuthal direction by 
analyzing the SiPM response as follows: 


Fig. 8 Simulated Scintillator 
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source using the ANTS2 [18] 
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Fig. 9 SiPM indicative response for a *’Co source emitting from an azimuthal angle of 160° (red 
arrow) 


e The centre of gravity (CoG) of each event (response of SiPM array to a y-ray 
from the source) is calculated as the weighted sum of each SiPM cell local 
position multiplied by the deposited number of counts in the corresponding cell 
and divided by the sum of the recorded counts from all SiPM cells. 

¢ Then a directional vector is formed by taking as the vector starting point the 
centre of the SiPM array and as the vector ending point the above mentioned 
CoG point. 

¢ The vectorial sum of the directional vectors is calculated from all the available 
events. 

¢ Finally, the azimuthal angle of the resultant vector is used as an estimator of the 
source azimuthal angle. 


The advantage of this approach is that the background events that have a uniform 
distribution response on the SiPM array cancel out each other during the vectorial 
sum calculation. More advanced machine learning regression techniques could be 
also applied for improved azimuthal resolution. 

In Fig. 11 the difference between the azimuthal angle estimated by the above 
described algorithm and the true source azimuthal angle is presented for *’Co, !3’Cs 
and ©Co sources. The estimated source azimuthal angle resolution is of the order 
of 1° in case of low energy sources like the 122 keV >’Co source, while it is of 
the order of 9° for much higher energy sources like the 1172 keV, 1332 keV Co 
source showing an almost linear behavior. 
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Fig. 10 SiPM indicative response for a !37Cs source emitting from an azimuthal angle of 270° 
(red arrow) 
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The proposed system can be used to find the direction of sparse sources in 360° 
without using any moving parts [19]. It is also capable to find the direction of more 
than one source, provided that they have different emitted y-ray energy. This can be 
done by taking into account the recorded energy spectrum. By selecting a specific 
energy range of known sources the localization algorithm can be applied only for the 
photo-peak events. Thus, the direction of each individual source can be estimated. 

As an example let’s suppose three different sources *’Co, !37Cs and ©°Co which 
are located in azimuthal angles of 160°, 270° and 60° respectively. Figure 12 shows 
the simulated energy spectrum recorded by the system (no NORM is introduced 
because as explained previously noise events have a uniform distribution in all SiPM 
cells). 

Then, by selecting the energy in the range 100 keV < E, < 150 keV (corre- 
sponding to the photo-peak of the *’Co energy spectrum) the estimated azimuthal 
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Fig. 11 Difference between the azimuthal angle estimated by the CoG algorithm and the true 
source azimuthal angle as a function of the source energy for the indicative simulated device 
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Fig. 12 The simulated energy spectrum by the indicative device while being irradiated simultane- 
ously from three different sources Co, >’Co and !37Cs of the same activity located at the same 
distance away from the device and at azimuthal angles of 60°, 160° and 270° respectively 


angle given by the above described CoG algorithm was calculated to be 160.92°. 
When the energy window was selected to be in the range 640 keV < E, < 700 keV 
(corresponding to the photo-peak of the '3’Cs energy spectrum) the estimated 
azimuthal angle given by the CoG algorithm was calculated to be 272.22°. Finally, 
when the energy window was selected to be in the range 1100 keV < E, < 1400 keV 
(corresponding to the photo-peak of the ©°Co energy spectrum) the estimated 
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azimuthal angle was calculated to be 61.76°. The above estimated source azimuthal 
angles are very close to their true values. 


5 Conclusions 


In this chapter various methods for localizing radioactive sources have been 
discussed. Some ideas to tackle the limited field of view of the Gamma-Ray Imaging 
(GRID) systems were presented. Firstly in Sect. 2, a system with movable detector 
head inside a collimator which is placed on a rover can localize radioactive sources 
with adequate accuracy on the expense of exposure time is described. Secondly 
in Sect. 3, a modular network of radiation detectors that can cover larger space 
areas without specific entry or exit points gives very promising radioactive source 
localization accuracy results. Finally in Sect. 4, a concept for 360° radioactive 
source localization capable device without moving parts has been analyzed using 
simulation data. In this device, the localization results showed remarkable accuracy 
for sources energies spanning for a few tens of keV to the MeV range. 
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Concepts for Solid State Detectors in ®) 
Space-Based Gamma-Ray Astrophysics cen 


Giulio Lucchetta 


1 Introduction 


Earth’s atmosphere is opaque to most electromagnetic radiation, including gamma 
rays. Therefore, gamma-ray astronomy can only be performed from satellites in 
space or by balloon flights in the high stratosphere. 

Since X-rays canonically indicates the part of electromagnetic radiation with 
wavelengths A comprised between 0.01 and 10nm, the gamma ray energy band 
conventionally indicates photons with energies higher than ~120 keV (correspond- 
ing to A < 0.01nm).! However, the separation of these two bands is not so 
strict in astroparticle physics, and, in many references, the end of the hard X-ray 
regime overlaps with a small portion of soft gamma rays. Space-based gamma-ray 
astrophysics extends to an energy around 100 GeV: at these energies, the flux of 
astrophysical sources is generally too low to allow a significant statistics, given 
the characteristic satellites’ collection areas (~ m7) and mission lifetimes (~5- 
10 years). At energies above hundred of GeV gamma-ray astronomy becomes the 
domain of ground based observatories such as Imaging Atmospheric Cherenkov 
Telescopes (IACT) and Extensive Air Shower (EAS) observatories. In this case, 
gamma rays are observed indirectly, by detecting the electromagnetic cascades 
induced by photons in the Earth’s atmosphere. An overview of ground-based 
gamma-ray astrophysics can be found in [22]. 
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The detection of gamma rays in space is challenging, due to the penetrating 
nature of the radiation, requiring the employment of large detector volumes. At 
the same time, several constraints in mass, power consumption, overall mission 
budget and telemetry needs to be met. Mechanical and thermal stability are also 
fundamental requirements: the employed materials need to survive the vibrations 
and large sustained acceleration generated during the rocket launch, and deal with 
challenging thermal stresses in orbit. For example in a low-Earth orbit, many times 
each day, the spacecraft makes a transition from being in full Sun to the cold of deep 
space. Thermal analysis and control must be considered in vacuum, where radiative 
transport, rather than conduction or convection, is the principal form of heat transfer. 
Expendables such as fuel or, if employed, cryogens limit the lifetime of a mission. 
Finally, and most importantly, detectors and space instrumentation face an intense 
charged particle environment due to the high flux of cosmic rays, requiring the on- 
board electronics to be radiation-hardened, in order to minimize failures. 

Space-based gamma-ray instrumentation typically uses detectors developed for 
nuclear and particle physics: the most common choices are based on scintillation 
or solid-state detectors; additionally, gas detectors has been employed in some 
applications. The choice of detector technology depends on the energy range of 
interest, expected levels of signal and background, required energy and spatial 
resolution, costs and other factors. The instruments are generally complex, as they 
often comprise multiple sub-systems integrated in a compact geometry. Reliability 
of long-term operation in space can only be assured by lengthy and expensive testing 
before launch, while the instrument design and telescope performance are optimized 
through extensive simulations, which attempt to consider on-orbit conditions as 
accurately as possible, in order to maximize the scientific return within all the given 
constraints. 

In this chapter, after a small summary of space-based gamma-ray astrophysics 
history (Sect. 2), some general concepts concerning orbits and background sources 
for gamma-ray missions are discussed (in Sects.3 and 4 respectively). The main 
detection techniques employed in gamma-ray telescopes are deeply discussed in 
Sect. 5. Finally a glimpse of different detectors used in gamma-ray telescopes is 
given in Sect. 6; solid state detectors are exhaustively described in Sect. 7: their 
fundamental role in current operating systems as well as prospects for future 
proposed mission are highlighted. 


2 Brief History of Space-Based Gamma-Ray Astronomy 


The dawn of gamma-ray astrophysics dates back in the 1960s, with the launch of the 
first artificial satellites; the gamma-ray telescope on the OSO-3 satellite (Orbiting 
Solar Observatory 3, 1967-1969), made of a multilayer scintillation conversion 
detector and a calorimeter, detected for the first time 621 events attributed to cosmic 
gamma rays with energies above 50 MeV, with a distribution concentrated along 
the galactic disk [37]. The next generation of high-energy telescopes, employed 
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tracking detectors, made of spark chambers. Few years after the measurements of 
OSO-3, the NASA? SAS-2 (Small Astronomy Satellite 2, 1972-1973) and the ESA} 
COS-B (Celestial Observation Satellite B, 1975-1982) missions detected the first 
gamma-ray sources, among which the Crab and Vela pulsars, and the blazar 3C273 
[24, 62]. 

The field has rapidly developed in the next decades. Important milestones have 
been achieved thanks to the operation of the Compton Gamma-ray Observatory 
(CGRO, 1991-2000) [38] first, and the current generation of gamma-ray obser- 
vatories and telescopes: INTEGRAL‘ (2002-) [39], AGILE> (2007-) [66] and 
Fermi-LAT® (2008-) [6]. Nowadays, more than 5000 sources have been detected 
in the GeV domain [1]. Future proposed missions are focused on the exploration 
of the deeply uncovered MeV regime (see Fig. 1), or to succeed instruments like 
Fermi-LAT and AGILE after their end of operation. 
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Fig. 1 Continuum sensitivity of different X-ray and gamma-ray instruments, as a function of the 
energy: past missions are shown in dotted lines, currently operating instruments in solid lines and 
future planned missions in dashed lines. The sensitivity of a telescope quantify its ability to detect 
faint sources and is often given as high-level performance parameter: it represents the minimum 
flux that an astrophysical source need to possess, in order to be detected within a certain observation 
time and significance (usually 30 or 5a). The observation time for each telescope reflects the 
typical operation mode of the instrument itself. The energy of ~100GeV marks the transition 
between space-based gamma-ray astrophysics and ground-based gamma-ray astrophysics. Plot 
adapted from [44] 
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3 Orbits for Spaced-Based Gamma-Ray Instruments 


The choice of orbit is one of the most important tasks when planning a gamma- 
ray instrument. The choice is dictated by scientific requirements, like required 
sky coverage and background level, and by technical constraints as well, such as 
availability of launchers, costs, and position of ground station to download the 
acquired data. The most common choice is a low-Earth orbit or LEO. As the name 
suggests, it is an orbit that is relatively close to Earth’s surface, typically at an 
altitude between 300 and 2000km (around 1/3 of the Earth’s mean radius) and 
almost circular [4]. The lower limit for the orbit is set by rapid orbital decay caused 
by the drag of the atmosphere. In practice, most gamma-ray space instruments 
launched were and are placed between ~400 and 600km. At these altitudes the 
orbital period is ~95 min and the orbital speed is high, about ~7.6 km/s. Because 
of the low orbit, launch costs are also reduced, since smaller and less powerful 
launchers are needed to reach the flight altitude. A second major advantage of a 
LEO is that the Earth’s magnetic field naturally protects, to some extent, a telescope 
against the intense charged particles flux generated by cosmic rays or by the Sun. 
On the other hand, LEOs present some problems and limitations as well. First of 
all, a satellite in a low-Earth orbit is a moving target for a ground station. Due 
to the high orbital speed and fast orbit period, the visibility of the satellite by the 
ground station is limited to ~ 10-20 min per orbit. Therefore the acquired data need 
to be adequately stored on-board and quickly downloaded at the passage over the 
receiving ground station. Secondly a telescope on a LEO cannot observe all the sky 
at the same time, being occulted by the Earth itself; the Earth’s limb angle at an 
altitude of 500 km is ~112° from zenith. 

Few telescopes are also launched to high elliptical orbits, spending most of 
the time outside the Van Allen radiation belts. This is the case, for example, of 
the X-ray instrument XMM-Newton or the INTEGRAL observatory. These orbits 
are highly elliptical, with a great difference between the apogee and the perigee: 
for XMM-Newton the perigee is around 6000 km and the apogee is 115,000 km, 
while for INTEGRAL the perigee and apogee are respectively ~3000km and 
~150,000km. Despite the higher average background encountered, these orbits 
offer some advantages like the possibility to observe the entire sky at the same 
time with longer uninterrupted observations, and more continuous down and upper 
link with the ground station. Another potentially interesting orbit for a gamma- 
ray instrument could be an orbit in the Lagrangian point L2, at about 1.5 million 
kilometres from Earth on the opposite side of the Sun. 

Finally, gamma-ray instruments can also fly in stratospheric balloons, at an 
altitude of ~30-40 km. Despite the limited observation time of the flight, balloon 
campaigns offer great opportunities to test prototype instruments and technologies. 
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4 Background Sources for Space-Based Gamma-Ray 
Instruments 


Gamma-ray telescopes are constantly bombarded by an intense flux of charged 
particles, photons and neutrons. The number of these background events typically 
exceeds the signal received from astrophysical sources by order of magnitudes. 
Cosmic rays are composed for about 80% of free protons, followed by alpha 
particles (about 15%) and heavier nuclei, while electrons and positrons contribute 
to about ~1% [54]. The cosmic rays rate changes within the 11-year solar cycle, 
exhibiting an anti-correlation: since the magnetized solar wind decelerates and 
partially prevents cosmic rays from reaching the inner solar system, the highest 
rate is measured for minimum solar activity and viceversa. Moreover, satellites on 
LEOs are exposed to much lower fluxes than spacecrafts orbiting outside the Van 
Allen radiation belts, since the Earth’s magnetic field offers a natural protection 
against energetic solar particles and cosmic rays. Due to Earth’s magnetic field 
configurations, the background flux is strongly modulated, depending greatly on the 
reached latitudes, and so the inclination of the satellite: the effect is maximum on 
the equator and minimum at the poles. Additionally an increased flux is measured 
in the so-called South Atlantic Anomaly (SAA), a region above South America and 
the Atlantic Ocean where the inner Van Allen radiation belt comes closer to Earth’s 
surface, dipping down to an altitude of about 200 km. The flux of charged particles 
is so intense in the SAA that the instrumentation is usually switched off when a 
telescope passes through this region. 

In a low-Earth orbit the interaction of cosmic rays with the atmosphere produces 
many lower-energy secondary cosmic rays, mainly protons, electrons and positrons. 
In addition to the charged component also gamma rays are produced by hadronic 
interactions of protons and alpha particles, or by bremsstrahlung of electrons and 
positrons. The flux of this photon background component is particularly bright 
at the Earth’s limb, since cosmic rays entering the atmosphere near grazing 
incidence produce showers whose forward moving gamma rays can penetrate the 
thin atmosphere layer met. 

Another main background component and, at the same time, an important 
science topic for a gamma-ray instrument comes from photons of both Galactic 
and extragalactic origin.’ The extragalactic gamma-ray emission, or EGB for short, 
is a diffuse and isotropic photon background, due to unresolved sources such as 
blazars, Seyfert galaxies and star-forming galaxies. Concerning the galactic gamma- 
ray component, its emission manly consists of unresolved sources from active stars, 
compact objects and supernova remnants, superimposed on a diffuse continuum 
radiation from cosmic rays interaction with the interstellar medium. 

Finally, the flux of cosmic rays and gamma rays, constantly hitting the spacecraft, 
activates the satellite materials, producing radioactive isotopes. The decay of 


7 These components are considered as background for observations of gamma-ray sources like 
pulsars, supernovae and active galactic nuclei because their flux superimposes to the “true” signal 
aimed to be measured. 
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these radioactive isotopes into stable elements results in a delayed background 
component composed of electrons, positrons and gammas. The energy spectrum of 
this instrumental background component is described by a continuum emission plus 
several characteristic lines,* at energies from keVs to MeVs. The total rate depends 
strongly on the materials and payload of the spacecraft, and its orbit. A quantitative 
and extensive study of the different background components here described for a 
low-Earth orbit can be found in [20]. 


4.1 Impact of Background on Space Telescopes 


Background events have several detrimental effects on space telescopes. First of 
all, highly energetic particles and ions constantly hitting the detectors and read- 
out electronics deteriorates their performance, increasing the leakage current and 
noise, and causing errors such as single-event upset and latch-up. Therefore, space 
electronics must use radiation-hardened components that are made resistant to 
damage caused by the ionizing radiation. Secondly the background can trigger the 
detectors, generating unwanted data superimposed to the faint signal from cosmic 
sources. Discriminating cosmic gamma rays from all these background sources is 
the biggest challenge in the design of a successful space telescope. Strategies to 
reduce the effect of background, include, as mentioned before, the choice of orbit, 
but also shielding, optimization of the detector geometry and choice of material, and 
event analysis procedures. Due to the highly penetrating nature of the background 
radiation, the use of a thick active shield is feasible only at lower energies. The 
most common approach is to surround the instrument with an anti-coincidence 
detector; plastic scintillator is the material of choice, because of its high efficiency 
for detection of charged particles but low probability of absorbing gamma rays. The 
anti-coincidence shield should be built as hermetic as possible: particles that will go 
undetected or enter through uncovered parts of the geometry will contribute to the 
background. 

Event analysis can further contribute to separating the signal from background, 
depending on the energy range and the detection techniques exploited. 


5 Detection Techniques for Gamma-Ray Astrophysics 


The main interaction mechanisms for X-rays and gamma rays with matter are 
photoelectric effect, Compton scattering and pair creation; their relative importance 
depends on the energy of the incoming radiation and the interaction medium (see 


8 A particularly strong background line is expected to be, for example, the 511 keV annihilation 
line, resulting from various B+ decays. 
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Fig. 2 Cross sections for photon interactions in silicon, germanium and cadmium zinc telluride. 
For X-rays and gamma rays the three dominating interaction mechanisms are photo-electric effect, 
Compton scattering and pair creation. Data are taken from the NIST database: https://physics. 
nist.gov/PhysRefData/Xcom/html/xcom1.html. (a) Silicon. (b) Germanium. (c) Cadmium zinc 
telluride 


Fig. 2). In fact the cross section for all these interaction mechanisms depends 
on some power n of the atomic number Z of the material, Z”; in the case of 
photoelectric absorption 4 < n < 5, for Compton scattering n = 1 and for pair 
production n = 2. For photon energies up to hundreds of keV the photoelectric 
effect is the dominant interaction process; the photon transfers its total energy to an 
atom, with the emission of a shell electron (also referred to as photoelectron). In the 
Compton effect, the photon is scattered elastically off a shell electron; a fraction 
of the photon’s energy and momentum is transferred to the electron. Compton 
scattering dominates at energies between hundreds keV up to ~5—10 MeV, for most 
materials. If the energy of the photon is more than twice that of the electron rest 
mass (1.022 MeV), the photon can convert in the field of a nucleus into an electron- 
positron pair. Pair production is the dominant interaction process at energies higher 
than 10 MeV. 

Since the domain of space-based gamma-ray astrophysics extends from hundreds 
keV to hundreds GeV, different telescope concepts and mode of operation need to 
be employed in order to cover such extended energy range depending on the main 
interaction mechanism of photons with matter. 
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5.1 Collimators 


The simplest method to determine the origin of gamma rays, at least at lower 
energies, is by obscuring part of the field-of-view of the detector through a 
collimator (see Fig.3a). The collimator generally consists of a high-Z material 
with an array of narrow holes . All the radiation not co-axial to the collimating 
holes is completely blocked by the collimator itself, allowing only those photons 
coming from a precise direction in the sky, to pass and reach the detector plane 
(the camera) which measures the incoming radiation. The collimator’s holes can be 
shaped as a parallel grid, or in a so-called “lobster eye” configuration, additionally 
retaining a focusing effect [16]. A collimator is intrinsically capable of imaging 
spectroscopy, since the directional information of each incoming photon is kept 
on the detector plane. These telescopes, however, have a very small field-of-view. 
Therefore, observations of large structures would require re-orientation of the 
instrument. Another large drawback is that background determination requires off- 
source pointing, reducing the observation time. Collimators are an effective tool for 
imaging gamma rays with energies below a few MeVs, since the high penetration 
power of higher-energy gamma rays typically necessitates a large volume to shield 
against non-coaxial radiation, making them unsuitable for use in space telescopes. 

An example of this kind of technology was the Phoswich Detection Sys- 
tem (PDS) on-board the Beppo-SAX satellite (1996-2002) [25]: the instrument 
consisted of a collimator made of tantalum tubes with hexagonal section, and 
Nal(T1)/CsI(Na) phoswich scintillators’ with a total geometric area of 795 cm?. The 
PDS experiment covered the energy band between 15 and 300keV with a field- 
of-view of 1.3° FWHM!° and an energy resolution < 15% at 60 keV. Similar in 
the design was also the Oriented Scintillation Spectrometer Experiment (OSSE) 
on-board the Compton Gamma Ray Observatory (CGRO, 1991-2000) [30]. OSSE 
employed 4 identical Nal(TI)/CsI(Na) phoswich detectors, with a diameter of 33 cm 
and a thickness of 17.6 cm, and tungsten collimators defining a 3.8° x 11.4° FWHM 
field-of-view. The telescope covered the range between 50 keV and 10 MeV, with 
an energy resolution of 7.8% at 662 keV and 3.1% at 6.13 MeV. 


5.2. Coded-Masks 


Another method to image gamma rays to energies up to S10 MeV, is through coded- 
masks [23]; like collimator systems, a coded-mask camera comprises two elements: 
the coded-mask itself, and a position-sensitive detector (Fig. 3c). The coded-mask 
consists of a plate with different areas either transparent or opaque to photons in a 


° Bach detector was composed by a 3mm Nal(TI) crystal and a 50mm thick CsI(Na) crystal 
optically coupled, forming what is known as phoswich (acronym of phosphor sandwich). 


10 Full width at half maximum. 
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Fig. 3 Schematic of the main detection techniques and telescopes employed in gamma-ray 
astrophysics. (a) Collimator. (b) Laue lens, adapted from [26]. (¢) Coded-mask, adapted from [18]. 
(d) Compton (tracking) telescope. (e) Pair telescope 
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selected energy range (also called mask elements), distributed in a specific pattern. 
The detectors, located below the mask, have a spatial resolution similar to the mask 
element’s size. In this way a fraction of the incoming light is blocked by the mask, 
casting a unique shadow onto the detector surface, while the remaining radiation 
“i!uminate” only certain elements of the camera. Due to the specific pattern of 
the mask, a different image is created for every source, depending on its direction. 
Indicating with P the mask pattern used to modulate the flux of the source S, the 
recorded image J on the detector can be written as the convolution of these two 
elements, plus a background term B: 


T=PxS+B. (1) 


The original distribution of the source’s photons can be obtained by means of 
deconvolution. 

The resolution of a coded-mask depends on the mask element size, the spatial 
resolution of the employed detectors and the distance between the mask and 
the detector plane. For currently operating instruments like Swift-BAT!! and 
INTEGRAL-IBIS!” the angular resolution is around ~10-20 arcmin. The energy 
range is limited by the detector range and the transparency of the mask frame (and, 
therefore, the mask thickness). 

The shape of the mask element may be arbitrary, but the most common are 
rectangular and hexagonal [42]. Concerning the detectors, the most commonly used 
are scintillators like sodium iodide (NaI) and cesium iodide (CsI), or semiconductor 
materials such as germanium (Ge) or cadmium-zinc-telluride (CdZnTe). Current 
telescopes of this type are SPI? [70] and IBIS [69] on-board the INTEGRAL 
observatory (2002-), the CZT Imager (CZTI) [55] on-board AstroSat (2015-) 
and Swift-BAT (2004-) [8]. Moreover, a novel approach combining a Compton 
imaging telescope (see Sect. 5.4) and a coded-mask has been recently proposed with 
GECCO"* [51]. 


5.3 Laue and Fresnel Lenses 


Refraction and reflection of high-energy photons onto a focal plane is difficult; 
focusing gamma rays in the ~100-—1000 keV energy range would be possible with 
Laue [26] or Fresnel lenses [60], based on diffraction. 

A Laue lens is made of many small high-quality crystals (~1—2 cm in size) placed 
on concentric circles. They are oriented in such a way that the crystal planes diffract 


'! Burst Alert Telescope. 

'? Tmager on Board the INTEGRAL Satellite. 

'5 SPectrometer on INTEGRAL. 

'4 Galactic Explorer with a Coded aperture mask COmpton telescope. 
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the radiation towards a common focal point, allowing to collect the signal into a 
small detector. By concentrating incoming gamma rays from a large collector (the 
lens), into a small, separated point (the detector), the instrumental background is 
drastically reduced compared to any other observational method. For each individual 
crystal gamma rays are diffracted in a transmission configuration, passing through 
the entire crystal, if the Bragg equation is satisfied: 


: he 
PLN Tt (2) 


where d is the spacing between the crystal’s atomic planes, @ the diffraction angle 
and A the photon’s wavelength (related to the energy E via the Planck relation). The 
response of a Laue lens is strongly energy dependent, with each crystal diffracting 
only radiation in a small energy band. In order to obtain a lens operating in board 
energy range many crystals need to be place at different concentric radii: the inner 
radius diffracts photons at highest energy, while the outer diffracts photons at lowest 
energy. Laue lenses can reach a great angular resolution below | arcmin [26]. This 
technology has been demonstrated by CLAIRE [72], the only Laue lens instrument 
that has actually flown up to now, in two balloon campaigns in 2000 and 2001. 
The instrument employed 659 germanium/silicon mosaic crystals and was design 
to focus photons with energies ~170 keV onto a cooled Germanium detector with 
9 elements, each 15 x 15 x 40mm’. Missions like MAX [7], GRI [34] and DUAL 
[73] have been proposed; however no satellite employing Laue lenses have ever 
flown into space. This is reasonably due to several technical challenges affecting this 
technology, related to the overall instrument complexity, the need for two satellites 
to fly in formation due to the long focal length needed (tens to few hundreds of 
meters), the production of large quantities of good-quality crystals, and the high 
accuracy required for positioning and alignment of the crystals. 

Fresnel lenses for soft gamma-ray astrophysics, based on diffraction from 
manufactured structures [60], have been discussed only at a conceptual level. 
Despite the astonishing angular resolution (on the micro-arcseconds level) that such 
lenses could potentially achieve, major difficulties need to be overcome: a Fresnel 
lens requires an extremely long focal length (~10° m) and the bandwidth in which 
the instrument can operated is narrow because of chromatic aberration. 


5.4 Compton Telescopes 


In 1923 Arthur Holly Compton firstly showed the elastic scattering of photons and 
electrons in atomic shells, as primary mechanisms of interaction gamma rays in 
matter in the energy range from ~100keV to ~10 MeV [17]. Since the electron’s 
binding energy is typically negligible compared to the energy of the incoming 
photon, the shell electrons are often considered to be free and non-interacting. In 
the process the photon transfers part of its energy to the recoiling electron, and is 
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scattered to an angle g, also referred as Compton scatter angle. The relation between 
the energy and the angle of the scattered photon follows from simple relativistic 
kinematics: 


2 2 2 2 
MeC MeC MeC MeC 
cosy = 1 = + = =1 am + a (3) 
y y y et hy 


In Eq. 3, known in literature as Compton equation or Compton formula, me is the 
electron rest mass, E, is the energy of the incident gamma ray, EY is the energy of 
the scattered gamma ray, and E? is the energy of the recoil electron. 

Compton telescopes are ideally matched to survey the sky in the MeV energy 
range: for most materials, the Compton cross section dominates in the energy 
range from hundreds of keV up to tens of MeV. Moreover Compton telescopes can 
easily have a large field-of-view, of the order of steradians, enabling excellent sky 
coverage. However the achievable angular resolution is poorer compared to other 
methods, O(1 deg). 

The principle of operation of a Compton telescope is quite straightforward. Let us 
assume, for simplicity, a telescope made of two detectors planes: soft gamma rays 
in the MeV energy range undergo Compton scattering in the first detector plane 
(also referred as the scattering layer or converter); the recoil electron is quickly 
absorbed and its energy is measured by the detector itself. The scattered photon 
then deposits the rest of its energy in the second detector layer (also referred as the 
absorption layer). Assuming, for convenience, that the scattered photon undergoes 
a single photoelectric absorption in the second detector layer,!> the direction of the 
incoming gamma ray can be reconstructed by measuring the energies of the recoil 
electron and of the scattered photon produced in the Compton process, together with 
their interaction positions [11, 71]. Specifically, the direction of the incident photon 
éy is related to the scatter direction |, by: 


mec2 mec? 


El” By 


; (4) 
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where the Compton angle y is determined by the Compton formula, through the 
energies deposited inside the detectors. From Eq. 4, it follows that the direction 
of the incoming gamma ray é,, cannot be determined uniquely, but can only be 
confined to an annulus on the sky, often referred in literature as the event circle. 
There are two different uncertainties in determining the origin of gamma rays. 
The first is the uncertainty in determining é/,, and is related to the spatial resolution 
of the detectors. The second is the uncertainty in the measurement of the Compton 
scatter angle, and is related to the energy resolution of the detectors. The angular 


'5 The scattered photon can, alternatively, lose its energy through a series of Compton scatterings 
and subsequent photo-electric absorption. Even if not explicitly considered here, the treatment of 
these kind of events is very similar to the one discussed. 
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resolution of the Compton telescope is determined by the “width” or spreading 
of the Compton event cycle. The Angular Resolution Measure (ARM) for each 
Compton event is defined as the minimum angular distance between the true source 
location and each event annulus. The o (or FWHM) of the ARM distribution is the 
standard definition of the angular resolution of a Compton telescope. It is related 
to the uncertainties in the position and energy measurements, plus a fundamental 
physical limit: in a Compton camera the electron, bound in an atom with an 
unknown momentum, leads to the so called “Doppler broadening”, limiting the 
angular resolution of the instrument [76]. 

When multiple gamma rays from the same source are detected and properly 
reconstructed, the events circles overlap and intersect each other. Knowing the 
instrument response function and the background, the original source distribution 
is obtained from the recorded image by deconvolution. 

If the direction of the recoil electron is measured, the direction of each incident 
gamma ray can be further restricted as a result of momentum conservation: with the 
detection of the recoil electron track the event circle is reduced to a small segment, 
defined as the event arc. The length of the arc, quantified by the Scatter Plane 
Deviation (or SPD) [77], is a measure of the uncertainty in the electron’s recoil 
direction. The electron’s direction can be reconstructed via the implementation 
of a tracking detector, such as thin silicon layers or a gaseous time-projection 
chamber. However, multiple scattering inside the tracking material results in a large 
uncertainty in the direction of the electron track, as described by Moliére theory. In 
fact, electrons traversing a medium are deflected by many small-angle scatters, due 
to Coulomb interactions with nuclei of the material. The scatter angle distribution 
can be approximated by a Gaussian. Its width can be written as: 


F 13.6MeV [x rer ( xz ) (5) 
= : n{—; }], 
Bcp . Xo Xo 


where p, 6c and z are the momentum, velocity and charge number of the incident 
particle, Xo is the radiation length of the material and x is the straight path length 
of the particle in the material. Again, the source image is reconstructed from 
the intersection of multiple events. However, in this case, the source position is 
detectable more easily with fewer photons and with a better discrimination against 
background. 

COMPTEL, on-board CGRO, was the first Compton telescope to fly in the 
1990s. The payload was composed of two planes of scintillation detectors, separated 
by a large distance (1.5 m), allowing time-of-flight measurement. Many Compton 
telescopes are currently being proposed for the future: these includes ETCC/SMILE 
[65], Grams [5], COSI [68] and MeVCube [44], the aforementioned GECCO [51], 
combining a Compton telescope with a coded-mask, and e-ASTROGAM [21] and 
AMEGO [32, 50], combining a Compton telescope and a pair creation telescope 
(see next section). 
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When the energy of the incoming gamma ray exceeds two times the rest mass of 
an electron (E > 1.022 MeV), pair production (or pair creation) is energetically 
possible. In pair creation the incoming gamma ray is converted into an electron- 
positron pair in the electromagnetic field of a nucleus or electron. On a practical 
level, pair creation telescopes are powerful instruments to survey the gamma-ray 
sky from energies above tens MeV (since the probability of this interaction remains 
very low until ~10 MeV, see Fig. 2). The basic design of a pair creation telescope 
consists of two main detectors: a tracker, consisting of position sensitive detectors 
measuring the tracks of the electron-positron pair created in the pair production 
process, and a calorimeter estimating the energy of the primary photon from the 
electromagnetic shower developed in the detectors (see Fig. 3e). Spark chambers 
(see Sect. 6) were originally employed as tracking devices in first pair telescopes 
like COS-B, and EGRET'® on-board CGRO. As a consequence of the development 
of semiconductors devices and technological improvements, silicon strip detectors 
are now employed in modern-day pair telescopes. In any case, high-Z conversion 
foils, usually made of tungsten, are combined with the active detectors in order 
to enhance conversion probability and increase the effective area. Concerning the 
calorimeter, inorganic scintillation detectors are the technology of choice, due to 
their high atomic number and density, ensuring good stopping power even at high 
energies, and due to their low cost and high space technology readiness level!’ as 
well. 

In a pair telescope the origin of the incident photon is reconstructed through a 
track finding algorithm, which looks for the typical “inverted-V” pattern, produced 
by the electron and positron pair ionization tracks in the silicon (or gaseous) detec- 
tor. The angular resolution of the telescope is limited by the position measurement 
accuracy of the detectors and, especially at lower energies, by multiple scattering 
(Moliére scattering, see Eq.5). The energy of the gamma ray is inferred from the 
energy released inside the calorimeter. However a fraction of the initial photon 
energy is deposited in other detectors (inside the tracker, for example) or passive 
materials, while for higher-energy gamma rays the electromagnetic shower is not 
completely absorbed by the calorimeter itself. Therefore, the morphology of the 
tracks and the shower need to be studied and the missing energy must also be 
estimated. 

Currently operating pair telescope are AGILE (2007-), [66], Fermi-LAT (2008-), 
[6] and DAMPE (2015-), [15]. Taking the Fermi-LAT as example of the current state 
of technology of pair telescopes, these instruments achieve a sub-degree angular 


'6 Energetic Gamma Ray Experiment Telescope. 


'7 The Technology readiness level (TRL) is a scaled used for estimating the maturity of technolo- 
gies during the different development phases of a program, see https://artes.esa.int/sites/default/ 
files/TRL_Handbook.pdf. 
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resolution (~0.8° at 1 GeV and < 0.2° at > 10GeV) and a wide field-of-view of 
~2.4 sr. 


6 Radiation Detectors and Their Applications in 
Astrophysics 


Radiation detectors are separated under three major groups: gas-filled detectors, 
scintillation detectors (or scintillators), and solid state (or semiconductor) detectors. 
The interaction of the incoming radiation with the material results in the production 
of charge carries, either electrons and ions in a gaseous detector or electrons and 
holes in a semiconductor device, or in the emission of light quanta in the case of 
a scintillating material, which is then coupled to a photo-sensor. In any case, the 
produced signal is then processed electronically, to retrieve the desired information. 
An extensive overview of radiation detectors and their application can be found in 
[35, 36]. The choice of detector technology depends on many factors, like the energy 
range of interest, required energy and spatial resolution, expected efficiency, noise 
level, costs, reliability etc. Additionally, for space operation, particle environment 
on orbit, and thermal and mechanical stability are other important aspects to take 
under consideration. Most of the detectors employed in space gamma-ray telescopes 
are either scintillators or semiconductor detectors, with gas detectors playing only a 
minimal role. 

Gas-filled detectors consist of a sensitive volume of gas between two electrodes. 
Even if the mode of operation of a gas detector strongly depends on the voltage 
applied between the electrodes, the basic principle is the same for every gas detector: 
the gas inside the detector reacts due to passage of the incoming radiation, is 
ionized, and an electric signal is induced by the drift of electrons and ions towards 
the electrodes. Spark chambers, made of several conducting layers stacked in a 
volume filled with a noble gas (most commonly neon or argon), were the track 
imaging detector of choice in the 1960’s. Therefore they were employed in first 
imaging pair telescope such as SAS-2 (1972-1973) [24] and COS-B (1975-1982) 
[10]. SAS-2 employed a 32-layer spark chamber, interleaved with thin tungsten 
plates, 0.03 radiation length-thick, for an active area ~640cm*. The telescope 
measured photons in energy range between 35 and 200 MeV, and operated for 
about six months, until an electronics failure ended the mission. The gamma-ray 
telescope on-board COS-B employed a spark chamber as well, with nearly the same 
size of SAS-2. The main differences with respect SAS-2 were the inclusion of 
a CsI energy calorimeter, allowing detection on a wider energy range (30 MeV- 
5 GeV), and a gas replacement system, mitigating the performance degradation 
and allowing the telescope to operate successfully for more than 6 years. A spark 
chamber was also chosen with EGRET [31], on-board CGRO (1991-2000), for 
the next generation of pair telescopes, incorporating the best features of previous 
instruments. EGRET’s tacker consisted of 28 spark chamber modules, with an area 
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of ~6400 cm”, interleaved with 90 1m thick tantalum foils, acting as converting 
material. The spark chamber was filled with a gas mixture of neon, argon and 
ethane; a replenishment system allowed for gas filling of the spark chamber up to 
four times. After EGRET, gas-filled detectors encountered a hiatus, being replaced 
by better performing trackers made of microstrip silicon detectors. Nowadays, time 
projection chambers filled with gas or liquid argon have been proposed for some 
future MeV Compton telescope, such in the SMILE/ETCC [65] or GRAMS [5] 
projects. 

Scintillation detectors (or scintillators) exploit the luminescence properties of 
particular elements, when excited by ionizing radiation (i.e. to “scintillate”). The 
emitted light is converted into electrons via light sensors such as photo-multiplier 
tubes (PMTs), photodiodes, or silicon photo-multipliers (SiPMs). They also amplify 
the incoming signal significantly (a gain of ~10° is a typical value), in order to 
generate a current/voltage pulse that can be processed by the read-out electronics. 
Scintillators can be produced in large, monolithic volumes in a variety of shapes, and 
are widely employed in physics due to their low cost and reliability. Additionally, the 
fast response of scintillators and light sensors, make them the instrument of choice 
when time resolution is an issue. The disadvantage of scintillation detectors is the 
generally poorer energy and spatial resolution with respect to other technologies. 
Scintillators are grouped under two main categories: organic scintillators, and 
inorganic scintillators. Organic scintillators are made of anthracene, plastics such 
as polystyrene, or liquids, and are characterised by low atomic number and density. 
In astrophysics they are usually employed in anti-coincidence system, to veto the 
in-orbit cosmic ray background. By surrounding the telescope with thin layers of 
plastic scintillators (thickness ~0.5—1.5 cm), an high efficiency for charged particles 
detection, but low probability of interaction for gamma rays, is achieved. 

On the opposite side, inorganic scintillators exhibit high atomic numbers (Z) 
and densities (9). Combined with the possibility of cover a large area with 
contained costs, they ensure good stopping power even at high energies. Frequently 
used inorganic scintillation materials are sodium iodide (Nal, Z=11, 53, p = 
3.67 g/cm?),!® cesium iodide (CsI, Z=51, 53, o = 4.51 g/cm’), bismuth germanate 
(Bi4Ge30;2, commonly referred to as BGO, Z=83, 32, 8, op = 7.13 g/cm>), 
and more recently lanthanum bromide (LaBr3, Z=57, 35, 9 = 5.29g/cm?*) and 
lutetium—yttrium oxyorthosilicate (Lu; 3 Yo.2SiO5 or LYSO, Z=71, 39, 16, 8, p = 
7.10 g/cm). Scintillation detectors have been implemented since the dawn of 
gamma-ray astrophysics, as the calorimeter detectors in pair creation telescopes, 
or absorber subsystem in collimators, coded-masks or Compton telescopes. They 
were employed in telescopes like Beppo-SAX, COS-B, COMPTEL, OSSE and 
EGRET. Currently, they are employed in the IBIS telescope on-board INTEGRAL 
(the second plane of the telescope, PICsIT, is composed by CsI detectors covering a 
sensitive area of 2890 cm? [69]) and in the modern generation of pair telescope. The 


'8 Here, and in the followings, the atomic number of each element composing the scintillation 
material is reported, i.e. Z=11 for Na and Z=53 for I. 
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calorimeter of Fermi-LAT is composed of several CsI(T1) crystals bars read-out by 
photodiodes, each with a dimension of 326 x 26.7 x 19.9 mm [2, 6]. The crystal are 
arranged in 16 modules, one per the so called “tower”, and each module is composed 
of 8 layers, each with 12 CsI bars horizontally arranged; each consecutive layer is 
rotated to 90° with respect to the previous one, forming a so-called “hodoscopic” 
array. Similar in the design, but smaller in size is the electromagnetic calorimeter of 
AGILE [40, 66]: it is made of 30 Caesium Iodide bars, each one 15x 23375 mm? in 
size, arranged in two orthogonal planes. Instead the calorimeter on-board DAMPE, 
consists of 308 BGO crystals arranged in 14 layers (with 22 crystals per layer), 
covering a geometrical area of ~60 x 60.cm?. 

The last major detector technology used in physics and radiation detection 
instruments comprises solid state detectors. Solid state detectors are composed by 
a semiconductor material, such as silicon, germanium or cadmium zinc telluride, 
coupled to a proper read-out system, composed, in most applications, by a charge- 
sensitive pre-amplifier, one (or more) shaper, and an analog-to-digital converter 
(ADC), in order to measure and process the produced signal. In semiconductor 
detector the impact of incoming radiation, depositing a certain amount of energy 
in the detector volume, results in the motion of electrons from valence band to 
conduction band, leaving vacancies (called “hole’’) in the valence band [36, 63]. 
By the application of an electrical field (around 1000 V/cm), electrons and holes 
are separated, drifting towards two opposite electrodes (the anode and cathode, 
respectively). The induced signal, proportional to the deposited energy, is then 
recorded by the read-out electronics. In this regard the production and drift of 
electrons and holes in semiconductor detectors can be thought of as the analogue of 
the electron-ion pairs in gas detectors. Compared to gas and scintillation detectors, 
semiconductors typically display a better energy resolution. In fact energy resolution 
is coupled to the statistics of the number of produced charge carriers: the mean 
energy for production of an electron-hole pair in semiconductor detector is about 
few electronvolts (3.6 eV in the case of silicon), while for a gas detector the mean 
energy for production of an electron-ion pair is ~30eV. Instead, for a typical 
inorganic scintillator around tens thousands photons are produced per MeV.!° These 
numbers have to be compared with the ~3 - 10° electron-hole pairs produced in 
a semiconductor detector. Therefore, semiconductors produce the largest number 
of charge carries, and so, the lowest statistical fluctuation in the produced signal. 
Moreover, a multi-electrode layout (strips or pixels) can easily be employed in 
semiconductor devices, for applications where a fine spatial resolution is required. 
The drawback is that they are generally more expensive and more difficult to 
produce and read-out in large volumes. The characteristics and applications of 
semiconductor detectors in gamma-ray astrophysics are emphasised in great detail 
in the next section; outstanding operating telescopes are taken as examples, and 
some prospects on future applications are highlighted. 


'9 Specifically 43000 ph/MeV are produced in Nal and 52000 ph/MeV in CsI. 


120 G. Lucchetta 
7 Solid-State Detectors in Gamma-Ray Astrophysics 


As introduced in the previous section, the properties of a semiconductor material 
are dictated by its band structure and band-gap Eg, i.e. the difference between the 
energy of the lowest conduction band and the energy of the highest valence band. 
The band-gap should be large enough to guarantee high resistivity and consequently 
low leakage current, ensuring low noise operation. On the other hand it should be 
small enough, so the ionisation energy needed to produce an electron-hole pair is 
not too large. In this way a proper number of electron-hole pairs are created by 
gamma-ray interactions, and the statistical variation in the number of produced 
charge carriers is small. The average electron-hole pair creation energy, Epair is 
around three times the band gap energy [33], since part of the energy is transferred 
to phonon excitation. 

Besides that, other key characteristics are appealing for operation as X-ray and 
gamma-ray detectors. First of all, a high atomic number Z and density p are 
favourable, in order to enhance efficient radiation interaction. Moreover the drift 
length for charge carriers should be greater than the detector thickness, in order to 
ensure a high collection efficiency. The drift length A. for electrons and holes, 
is determined by the carrier mobility jz and the lifetime t of the material, and the 
applied electric field E: 


Xe.h = Me,hTe,hE . (6) 


In a semiconductor charge carrier transport is undermined by impurities and 
defects in the crystals, acting like trapping centres. The quantity which is often used 
to describe the charge transport properties of a semiconductor detector is the charge 
collection efficiency (CCE) [47], defined as the induced charge Q on an electrode 
normalized to the total charge Qg = eNo generated in the interaction: 


_2 
CCE ==. (7) 


In the case of a planar detector with uniform electric field, Q is given by the Hecht 
equation [29]: 


O = eNo¢|1 MO \ | cane 2 a (8) 
=e ex ex 
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where e is the elementary electron charge, No is the number of electron-hole pairs 
produced by the interaction, LZ is the detector thickness and xo is the interaction 
location measured from the cathode. Ideally, the CCE should achieve a value close 
to | and as uniform as possible throughout the detector volume. 

In reality, it is very difficult to meet all these requirements with a single material 
or detector, and some aspects need to be compromised in favour of others, depending 
also on the specific application. Most commonly used semiconductors are silicon 
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Table 1 Main properties of silicon, germanium, cadmium telluride and cadmium zinc telluride. 
Electrical properties that depend on the temperature are given here at T = 300 K. Data taken from 
[64] and [53] 


Cdo.9 Zno. 1 Te CdTe Si Ge 
Atomic number, Z 48, 30, 52 48, 52 14 32 
Density, p [g/cm*] 5.78 5.85 2.33 5.33 
Band gap, Ex [eV] 1.57 1.44 1.12 0.67 
Pair creation energy, E pair [eV] 4.64 4.43 3.62 2.96 
Resistivity, 9 [Q cm] 3- 1010 10° < 104 50 
Fano factor 0.09 0.11 0.12 0.08 
Radiation length, Xo [cm] 1.43 1.44 9.37 2.30 
Electron mobility, ze [cm/V s] 1000 1100 1400 3900 
Hole mobility, jx; [cm? /Vs] 80-120 100 480 1900 
Electron lifetime, t, [s] 3- 10-6 3- 10-6 > 10-3 > 10-3 
Hole lifetime, t, [s] 10-6 2-10-6 10-3 2-10-3 
Me * Te [cm?/V] 10-3107? 10-3 >1 >1 
Ln Th [om?/V] 10->-10-4 10-4 ~1 >1 


(Si) and germanium (Ge). Additionally, compound semiconductors like cadmium 
telluride (CdTe), cadmium zinc telluride (CdZnTe or CZT), gallium arsenide (GaAs) 
and mercuric iodide (HgI2) have gained more and more interest in the last few 
decades. Among them, cadmium telluride and cadmium zinc telluride have emerged 
as the most promising materials. The main properties of silicon, germanium, 
cadmium telluride and cadmium zinc telluride are summarised in Table 1. 


7.1 Silicon Detectors 


Silicon detectors cannot be easily grown in large volumes with the same purity as 
germanium. Common thickness for silicon wafers are around 300-500 jm. In order 
to achieve the high resistivity needed for spectroscopy, it is necessary to introduce 
dopants that compensate for the existing impurities, and create a region free of 
charge carriers (the so-called depletion zone). Otherwise, the number of electron- 
hole pairs thermally created, will exceed by order of magnitudes the signals that 
are wanted to be measured. With the introduction of doping elements from the fifth 
main group (usually phosphorus), with one more outer electron compared to silicon 
atoms, an additional donor level near the conduction band is created. On the other 
side, elements from the third main group (usually boron), have one electron less 
than silicon, and create an acceptor level close to the valence band. Two “layers” 
are created: a “n-type” layers, containing a greater number of electrons compared 
to holes, and one “p-type”, with a greater number of holes than electrons. When 
the positively and negatively doped silicon layers are combined, the so-called pn 
junction is created: electrons from the n-type migrate across the junction between 
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the two layers to fill the holes in the p-type. When thermal equilibrium is reached a 
depleted zone of all free charge carriers between both doping regions is formed. This 
depleted area can be increased by applying a reverse bias voltage and allows silicon 
detectors to detect the signals produced by particle interaction. Silicon detectors 
benefit from cooling to reduce leakage current, but at a more modest level than 
germanium. This can be accomplished by a careful passive cooling design or the use 
of simple thermoelectric (Peltier) coolers, with temperatures down to ~ —20 °C. 

Small, simple planar p-i-n detectors are often used for X-ray detection up to a 
few tens of keVs, while in the contest of gamma-ray astrophysics are employed in a 
single sided (or double sided) strip configuration in tracking systems. 


7.1.1 The Tracking System of the Fermi-LAT and AGILE Telescopes 


As already mentioned in Sect. 5.5, the main requirement of a tracking system of a 
pair telescope is to register the passage of electron-positron pairs produced in high- 
energy photon interactions, generating the distinctive “inverted-V” pattern inside 
the detectors. In this way the arrival direction of the incident gamma ray can be 
reconstructed with high precision. 

By the time EGRET, the last gamma-ray telescope employing a gas detector 
as a tracker, had been launched, significant progress concerning particle tracking 
systems has been made, thanks to the advent and development of solid state 
detectors. They offered several advantages like lower operating voltages (around 
~100V), better triggering capabilities, and circumvented the limitations due to 
gas detectors degradation. An excellent spatial resolution could be made by the 
implementation of a multi-electrode layout. Microstrip silicon detectors represent 
nowadays the workhorses for pair production gamma-ray telescopes. The first 
exponent of this new generator of pair production telescopes is represented by 
the small AGILE satellite, launched in 2007 [66]. About one year later, a second 
instrument was launched: the Fermi Large Area Telescope (Fermi-LAT), using a 
similar technology to that of the AGILE, but on a much larger scale [6]. 

In AGILE the silicon tracker [13] consists of 12 planes, each of them made of 
two layers of 16 single-sided silicon strip detectors (Fig. 4, left). Each detector has 
a thickness of 410 um, a pitch of 242 um, and an area of 9.5 x 9.5 cm2. Therefore, 
the total active area of the silicon tracker is 38 x 38cm*. The silicon detectors 
are coupled to low-power ASICs”? (power consumption < 400 ,1W/channel) and 
analogue read-out. The planes of the tracker are interleaved with tungsten layers, 
245 jvm thick, in order to enhance the conversion probability of high energy photons. 
The silicon microstrip detector, coupled to the analogue read-out, enables a spatial 
resolution of the AGILE silicon tracker around 40 wm. 

Fermi-LAT is nowadays the most sensitive gamma-ray telescope. The tracking 
system is modular, made of 16 identical towers in a 4 x 4 array; each tower has 


20 Application-Specific Integrated Circuits. 
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Fig. 4 Left: the AGILE silicon tracker before integration with the rest of the instrument; 
reproduced from [66]. Right: image of a tacker tray of a single tower as employed in Fermi-LAT; 
reproduced from [6] 


Table 2 Performance of the EGRET, AGILE and Fermi-LAT pair creation telescopes 


EGRET AGILE Fermi-LAT 
Mass 1380 kg 130kg 4303 kg 
Energy range 20 MeV-30 GeV 30 MeV-S0 GeV ~ 20 MeV to > 300 GeV 
Effective area 1500cm? 500 cm? 9000 cm? 
Field-of-view 0.5 sr 2.5 sr 2.4 sr 
Angular resolution 5.8° at 100 MeV 4.7° at 100 MeV 3.5° at 100 MeV 
1.3° at 1 GeV 0.7° at 1 GeV 0.6° at 1 GeV 


an area of 40 x 40cm’. The tracking detector consists of 18 x-y planes of single- 
sided silicon strip detectors (Fig. 4, right), coupled to low-power digital read-out 
(< 300jW/channel). The thickness of the silicon detectors is 400 \1m and the 
pitch between strip is 228 \1m. The first 16 layers of the tracker are interleaved 
with tungsten converter foils. The first 12 foils have a thickness of 0.010cm 
(corresponding to 0.03 radiation lengths) while the next 4 foils have a thickness 
of 0.072 cm (0.18 radiation lengths). In more than 14 years of operation the Fermi- 
LAT has not experienced any significant hardware failures [3]. 

The use of precise silicon tracking detectors coupled to conversion foils was 
the key factor which allows pair creation telescopes to reach their full potential. In 
Table 2 some of the main performance of AGILE and Fermi-LAT are compared to 
EGRET’s ones. 


7.1.2 Future Applications of Silicon Tracking Detectors 


Future proposed pair creation telescopes, such as AMEGO [32, 50] and e- 
ASTROGAM [21], are focused to explore a lower energy range, operating also 
as Compton telescopes at the same time. They are expected to cover the energy 
range from few hundreds keV to ~10 GeV improving sensitivity by more one order 
of magnitudes compared to previous missions. Consequently, the tracker of the e- 
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ASTROGAM and AMEGO missions needs to fulfill several tasks. First of all, it has 
to act as a Compton scattering and pair creation converter medium. Secondly, it has 
to measure the energy and direction of the recoil electrons (in the case of Compton 
interaction) and secondary electrons and positrons (in the case of pair creation) with 
great accuracy. Therefore some differences are needed compared to the tracker of 
Fermi-LAT and AGILE. Extending operation in the lower energy range requires 
less scattering material in the tracking subsystem, in order to enhance the relatively 
poor angular resolution of previous instruments at energies below ~100 MeV. As 
evident from Eq. 5, the performance degradation due to multiple Coulomb scattering 
is related to the atomic number Z of traversed material; therefore the trackers of 
e-ASTROGAM and AMEGO does not implement tungsten conversion foils. In 
order to further improve the angular resolution these instruments foresee double- 
sided silicon strip detectors (instead of single-sided strips) coupled to analogue 
low-noise read-out electronics. In AMEGO, the silicon tracker consists of 60 layers 
of double-sided silicon strip detectors, with a thickness of 500 jum. Every single 
layer is made of 16 wafers, in a 4 x 4 array configuration. The area of each wafer 
is 9.5 x 9.5cm/, and the pitch between strips is 500 1m. The separation between 
two consecutive layers is 1.0cm. Very similar in the design is also the tracker of 
e-ASTROGAM. 

An alternative approach for tracking pair production events, investigated, for 
example by the High Energy cosmic-Radiation Detector (HERD) [27], would be 
the use of scintillating fibers [57]. 


7.2 Germanium Detectors 


While silicon semiconductor detectors have depletion depths < 1 mm, germanium 
can have a depleted, sensitive thickness of several centimeters. Germanium is 
also characterized by excellent transport properties due to very high mobility- 
lifetime product for both electrons and holes. However, the small band gap (0.7 eV) 
results in large thermally generated leakage current, so room-temperature operation 
is impossible. Low operating temperatures (around liquid nitrogen temperature 
of 77K) are therefore mandatory. An energy resolution of ~0.3% FWHM at 
662 keV can be achieved with a good germanium detector and optimized electronics, 
and its density and atomic number are higher compared to silicon ones. For all 
these reasons, germanium detectors represent the best option for high resolution 
spectroscopy up to a few MeVs, in the field of nuclear physics and astrophysics. 

In first historical applications, germanium detectors could not be produced with 
sufficient purity to enable proper spectroscopic operation. Crystals were therefore 
doped with lithium ions (Ge(Li)), in order to produce an intrinsic region in which 
the electrons and holes would be able to reach the contacts without being trapped 
and produce a measurable signal. This process became obsolete and high-purity 
germanium (HPGe) detectors, with very low concentration of impurities, lower 
than 10°-10!° atoms/cm? are now produced. Germanium detectors can be both 
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n-type or p-type, usually with a Li-diffused n+ contact and boron implanted p+ 
contact. Germanium detectors are mainly produced in two configurations: planar 
and coaxial (either open-ended or closed-ended configuration). In astrophysics 
germanium detectors made in coaxial configuration have been implemented, for 
example, in HEAO-3 [48], in RHESSI [61] and in the SPI spectrometer on-board 
INTEGRAL [56, 70]. Thick germanium strip detectors are also being developed for 
Compton telescopes and foreseen as a key payload element in COSI [68]. 

Operation of germanium detectors in space is challenging due to the necessity 
of maintaining adequate cooling for long periods of time. In most laboratory 
measurements, the germanium is cooled through the use of an insulated dewar in 
which a reservoir of liquid nitrogen is kept in thermal contact with the detector. 
In order to avoid the necessity of filling the dewar frequently, its capacity is 
usually about several liters, making its size and weight way greater than those 
of the detectors itself. The technique could also be used in space operation in 
principle, but the cryogens have a large mass and limit the mission lifetime. Most 
of the instruments rely instead on Stirling-cycle mechanical coolers. In this case 
the cooling system weighs less and guarantees longer operation; however it requires 
continuous power. Cryocoolers can also be very expensive to qualify for space flight 
and this should not be underestimated in mission planning. 


7.2.1 Application of Germanium Detectors in Space 


HEAO-3, the third High Energy Astronomy Observatory, was the first mission 
employing large germanium detectors in space. HEAO-3 was launched in 1979, 
and it’s Gamma-Ray Spectrometer, composed of 4 coaxial high purity germanium 
detectors, was operating in the energy range of 0.05-10 MeV. Each detector had 
a diameter approximately of 54mm and a length of 45 mm; the bias voltage was 
around 3000 V. An energy resolution of 3 keV FWHM at 1.46 MeV was achieved at 
the beginning of operation in space.*! Cooling of the detectors was achieved thanks 
to a two-stage solid cryogen cooler: a secondary cryogen at a temperature of 168 K 
and a primary one reaching a temperature of 91 K. 

Germanium detectors with a mechanical cyrocooler were employed in RHESSI 
(2002-2018), a mission dedicated to the detection of solar photons from 3 keV 
to 17 MeV and, most importantly, on the SPI spectrometer on-board INTEGRAL 
(2002-). The SPI instrument is composed of a gamma camera, a two-stage cooling 
system (a first stage cooling the cryostat housing to 215 K and a second stage cooling 
the Ge detectors down to 85-90 K), a coded-mask made of tungsten blocks, and a 
shield made of BGO blocks and plastic scintillators. As it can be seen from Fig. 5, 
the camera is made of 19 germanium detectors, with a hexagonal shape with a side 
length of 3.2 cm and an height of 6.94 cm. The total weight of Ge detectors is ~18 kg 


2! Since launch a gradual degradation in the energy resolution was observed, due to radiation 
damage. 
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Fig. 5 Left: image of the SPI germanium camera. Right: schematic of the SPI camera and cooling 
system. Images reproduced from [70] 


(for comparison the mass of the cryostat is 80 kg). The detectors work at a voltage 
of 4000 V; four of them have ceased to function properly and are now disabled 
[39]. In order to minimize the effect of radiation damage, the germanium detectors 
are annealed: the process consists of baking the detectors to ~100° C in order to 
suppress trapping sites and recover initial performance. This is achieved through 
four resistors glued on the detectors array support, heating the detectors. Annealing 
is performed about every 6 months with a duration around 1—2 days. SPI operates 
in the energy range 20 keV—8 MeV, with a fully coded field-of-view of 16°, and 
angular resolution of 2.5°, and an energy resolution of 2.5 keV at 1.1 MeV. 

The Compton Spectrometer and Imager (COSI) is a compact Compton telescope, 
designed to survey the gamma-ray sky in the energy range from 200 keV to 5 MeV, 
and capable to observe 25% of the sky at any time. After two successful balloon 
flights, COSI has been recently accepted as a small explorer mission (SMEX), 
with launch foreseen around 2025. The core of the instrument consists of 16 high- 
purity germanium strip detectors. Each detectors has a volume of 8 x 8 x 1.5 cm?, 
exploiting 37 orthogonal strips on each side (front and back side of the detector), 
with a 2mm strip pitch and a 3mm guard ring. The detectors operate at voltages 
ranging from 1000 to 1500 V, and are read-out by custom ASICs. The COSI 
instrument includes 4 planes; each plane is made by four detectors on a 2 x 2 
array. The detectors have an energy resolution of 0.4% at 662 keV and a 3D 
spatial resolution of < 1 mm. Therefore, despite the limited size COSI can achieve 
unprecedented angular and energy resolution in the MeV regime. The germanium 
strip array is enclosed in a cryostat with a Sunpower mechanical cryocooler. The 
scientific payload is surrounded by a BGO shield. 
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For a long time, materials alternative to germanium have been proposed, in order to 
circumvent the complication of cryogenic operation. In compound semiconductor 
detectors the band-gap is large enough to make cooling unnecessary. Among 
compound semiconductors cadmium telluride (CdTe) and cadmium zinc telluride 
(CdZnTe or CZT), have emerged as the most promising materials. Cadmium tel- 
luride (CdTe) is a compound II-VI semiconductor material with a cubic zincblende 
structure, while cadmium zinc telluride Cdj_,Zn,Te is a semiconductor crystalline 
alloy of cadmium telluride and zinc telluride. It can be regarded as a CdTe crystal 
with a fraction x of Zn atoms substituting Cd atoms. For detector applications Zn 
concentration is typically in the range x = 0.1-0.2 [58]. The addition of this small 
zinc concentration to the melt ensures an increased band gap and, therefore, a higher 
bulk resistivity and lower leakage current [14]. Compared to germanium, CdTe and 
CdZnTe also display a higher atomic number and density. The most significant 
drawback of CdTe and CdZnTe devices, with respect to silicon and germanium, 
is the poor transport properties of charge carriers, in particular holes. The lower 
mobility-lifetime product in CdTe and CdZnTe, results in higher charge trapping 
and recombination, which prevent the full signal collection and limit spectroscopic 
performance in thick detectors. In order to optimize performance, detectors are often 
operated as “single carrier devices”: with particular anode geometry configurations, 
one attempts to change the charge induction property of the detector making it 
sensitive only to electron’s movement, being insensitive to the hole contribution. 
These special electrode configurations include the virtual Frisch grid [19], small 
pixel arrays or strips [59], the co-planar grid [45, 46] and orthogonal strips [49] 
geometries. 

CdZnTe detectors are attractive for a large variety of applications including 
nuclear physics, radiation monitoring and medical imaging, X-ray and gamma- 
ray astronomy, due to the possibility to fabricate compact systems, with good 
energy resolution and 3D spatial resolution as well. The energy resolution is still 
slightly worse than the one achieved in germanium detectors, but possibility of 
room temperature operation drastically simplifies operation in many applications. 
The spatial resolution on the detector plane is at first order defined by the size 
of the multi-electrode layout element when employed (strip or pixel),?* while the 
depth resolution can be exploited by looking at the variations between the induced 
signals measured at the cathode and the anode. One of the best results achieved so 
far in literature have been reported by Zhu and collaborators, from the University 
of Michigan, [74, 75]. They investigated the performance of a 2.0 x 2.0 x 1.5cm 
CdZnTe detector with 11 x 11 pixels, read-out by low-noise custom designed ASIC. 
After event analysis and quality cuts they reported an energy resolution of ~0.5% 


22 Sub-pixels spatial resolution can be achieved in some applications, employing sophisticated 
read-out electronics and analysis techniques, which allows to compared the signals generated in 
adiacent pixels. 
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FWHM at 662keV, a depth resolution of about 500 1m and a sub-pixel spatial 
resolution of ~230 ym on the detector plane. 

The capability of CdTe detectors in astrophysical applications has been demon- 
strated by the IBIS-ISGRI camera on-board the INTEGRAL observatory [41], while 
CdZnTe detectors are currently employed on Swift-BAT [8], and Astrosat [9], and, 
on the X-ray energy range, on NuStar [28]. Moreover CdZnTe detector are under 
consideration for many future proposed missions such as AMEGO [32], GECCO 
[51, 52] and MeVCube [44]. 


7.3.1 CdTe and CdZnTe in Space: IBIS, Swift-BAT and AstroSat 


The IBIS telescope on-board the INTEGRAL satellite employs two gamma-ray 
cameras, ISGRI covering the range between 15keV and 1 MeV, and PICsIT 
covering the range from 170 keV to 10 MeV. While the PICsIT camera is made by 
several CsI detectors, ISGRI employed for the first time in the history of gamma-ray 
astrophysics CdTe detectors. In ISGRI each detector has dimensions of 4x 4x2 mm; 
16 detectors (on a 4 x 4 array) are mounted on one side of a multilayer ceramic plate 
hosting 4 ASICs for the read-out on the opposite side. Two adiacent detectors in the 
board are separated by a distance of 600 zm. The detectors are biased at 120 V. This 
ceramic board, called polycell (Fig. 6), is the fundamental element of the camera: the 
ISGRI camera is formed by 8 independent modules, and each module is formed by 
128 polycells distributed on 8 rows of 16 polycells each. Therefore 16384 detectors 
are employed in total in the camera, for an area around 3600 cm. However, the dead 
zones between detectors and between the camera’s modules, restrict the sensitive 
area to 2621cm?. The distance between the ISGRI camera and the coded-mask 
is 3.2m, providing an angular resolution of 12’. The energy resolution AE/E is 
around 0.03 FWHM. 

Cadmium-zinc-telluride telescopes are current employed in two instruments 
working in the energy range spanning between hard X-ray and soft gamma rays: 
Swift-BAT (15-150 keV) and the Cadmium Zinc Telluride Imager (CZTT) on-board 
AstroSat (15-200 keV). They both employ a cadmium-zinc-telluride camera and a 
coded-mask. In Swift-BAT a detecting area of 5200 cm? is covered by 4 x 4 x 2mm 
CdZnTe detectors. The coded-mask gives a wide field-of-view of 1.4sr and an 


Fig. 6 The ISGRI polycell 
board, hosting 16 CdTe 


detectors; reproduced from : 
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angular resolution of 17 arcmin. The CZTI camera consists of 64 detectors, each 
~40 x 40 x Smm in size with a 16 x 16 pixel structure; the geometrical area is 
976 cm*. The energy resolution of the detectors is on average 6.5 keV (~11%) at 
60 keV. The telescopes attains an angular resolution of 17’ and a field-of-view of 
4.6° x 4.6°. 

Due to improvements in technology and crystal growing techniques, cadmium- 
zinc-telluride detectors foreseen for future proposed missions, will have greater 
volumes compared to the ones presented in this section, ensuring higher stopping 
power and allowing to extend the working energy range. 


7.3.2 Future Application of CdZnTe Detectors 


CdZnTe detectors are currently under investigation for many future missions, most 
notably proposed Compton telescopes and coded-mask telescopes such as AMEGO 
[32], GECCO [51] and MeVCube [44]. 

AMEGO was already introduced in Sect. 7.1.2, as a new concept for a Compton 
and pair telescope in the MeV—GeV energy range. Even if AMEGO foresees a 
“conventional” CsI calorimeter for measuring the energy of electrons and positrons 
produced in pair creation events, the optimization of the instruments in the 
Compton regime, lead to the proposal of low-energy calorimeter, made of thick 
bars of cadmium zinc telluride detectors, in a virtual Frisch-grid configuration. As 
evident from Eq.4 excellent energy and spatial resolution are mandatory for the 
development of a good Compton camera. In this regard cadmium zinc telluride 
detectors offer suitable performance, far superior than scintillation detectors. The 
objective of the low-energy calorimeter is to measure the scattered photon energy 
for Compton interaction in the silicon tracker,** or to directly measure deposited 
energies and interaction location for those events only interacting in the calorimeter 
itself. The low-energy calorimeter surrounds the bottom and partly the sides of the 
silicon tracker. Each CdZnTe bar, developed at the Brookhaven National Laboratory 
[12], is 8 x 8 x 40 mm? in size and packed in 4 x 4 arrays; the entire calorimeter 
is segmented into 4 modules, each consisting of 5 x 10 of these arrays. Laboratory 
measurements have shown that the CdZnTe bars, biased at —2.8 kV, enable a sub- 
mm position resolution in all three dimensions, and a < 1% energy resolution at 
662 keV. 

The same detector technology is foreseen for GECCO, a novel concept combin- 
ing a Compton cadmium-zinc-telluride telescope and a deployable coded aperture 
mask. The shape of the cadmium-zinc-telluride calorimeter is octagonal with a 
circumdiameter of ~90cm. The shape of the coded-aperture mask is octogonal 
as well, but with a circumdiameter larger than the detector plane, about 150cm, 
in order to increase the fully-coded field-of-view. The mask is made of randomly 
distributed 20 mm thick, 3 mm square tungsten elements. The mask will be deployed 


23 The silicon tracker also measure the energy of recoil electron. 
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at 20m from the calorimeter. GECCO will operate in the energy range between 
100 keV and 10 MeV. The combination of the wide field-of-view and effective area 
of the Compton telescope, and the extraordinary angular resolution provided by the 
deployable coded mask, will allow to cover the huge observational gap currently 
existing between the hard X-ray and soft gamma-ray domain. 

Cadmium-zinc-telluride detectors are also exploited in the design of MeVCube, 
a new concept for a Compton telescope based on the CubeSat standard [67]. A 
CubeSat is a nano-satellite with standardized size and form factor. A single CubeSat 
unit (1 U) has a volume of 10 x 10 x 11.35 cm? and a maximum weight of 1.33 kg; 
more than one unit can be combined together, defining bigger envelopes, e.g. 3U 
or 6U. Initially intended for education purposes, CubeSats have gained increasing 
interest on commercial companies, government agencies and research centers. In 
fact, Cubesats provide cheaper and faster ways to demonstrate novel technologies 
for space application and provide significant scientific results for specific targets 
of opportunity and selected topics, such as space weather and earth science, or 
observations of variable stars and transients. MeVCube is a 6 U CubeSat, in which 
~2U would be dedicated to satellite components such as batteries, reaction wheels, 
attitude control system etc., and ~4 U would be dedicated to the scientific payload. 
Accordingly, the scientific payload is expected to fit in an estimated volume of 
20 x 20 x 10cm, and consists of 128 pixelated CdZnTe detectors, arranged in 
a stack of two layers of 64 detectors. The separation between the two layers is 
6cm. Each CdZnTe detector has a volume of 2.0 x 2.0 x 1.5cm? with a 8 x 8 
pixel structure; the pitch between pixels is 2.45 mm. Despite the limited effective 
area, affected by the CubeSats constraints in size, MeVCube is expected to cover 
the energy range between 200 keV and 4 MeV, with a field-of-view around 2 sr and 
a sensitivity comparable to the one achieved by the last generation of larger-scale 
satellites like COMPTEL and INTEGRAL. First experimental measurements [43] 
on the custom designed CdZnTe detector, biased at —2500 V and coupled to suitable 
electronics for space operation, have shown an energy resolution around 3% FWHM 
at 662 keV and < 2% at energies above 1 MeV. A 3-D spatial resolution of ~2 mm 
is achieved. The performance was strongly limited by the parasitic noise generated 
by large evaluation boards, not perfectly optimised in the set-up, so an improvement 
can reasonably be expected in future iterations. 


8 Conclusions 


Starting with the launch of the first satellites in the end of 1960s, gamma-ray 
astronomy have evolved constantly over the past 60 years, drawing heavily on 
particle detection instrumentation used in accelerator and nuclear physics. With the 
exception of first pair tracking telescopes employing gas-filled detectors, most of 
the instrumentation employed in space gamma-ray telescopes are either based on 
scintillators or semiconductor detectors. While scintillation detectors are employed 
where costs and the necessity to cover a large area are driving factors, solid state 
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detectors guarantee far superior spectroscopy performance and spatial resolution. 
Among solid state detectors silicon, germanium and cadmium zinc telluride are 
widely exploited in the present generation of gamma-ray telescopes and will play a 
key role in future instruments currently being proposed. 
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Radioxenon Detection for Monitoring ®) 
Subsurface Nuclear Explosion cen 


Harish R. Gadey 


1 Introduction 


The Comprehensive Nuclear-Test-Ban Treaty (CTBT) was signed in 1996 under 
the supervision of the United Nations. The treaty aims to ban all nuclear weapon 
explosions on Earth including atmospheric, surface, subsurface, and underwater 
explosions [1]. As of early 2022, the treaty had 186 signatory states and 172 of 
these states had already ratified the treaty [2]. However, it must be mentioned that 
the treaty is not in force currently because all the required states have not either 
signed or ratified the treaty. The CTBT and the treaty on the Non-Proliferation 
of Nuclear-Weapons (NPT) are intended to play an important role in establishing 
nuclear peace and security in addition to making it inherently difficult to develop 
and test nuclear weapons. The CTBT requires the establishment of a verification 
regime under the guidance of the Comprehensive Nuclear-Test-Ban Treaty Organi- 
zation (CTBTO). To this end, the International Monitoring System (IMS) network 
was established across the world to detect potential nuclear weapon explosions 
using infrasound, seismic, hydroacoustic, and radionuclide technologies. The IMS 
network also assures that signatory states are meeting their treaty obligations of 
not testing any form of nuclear weapons. A total of 321 monitoring stations are 
planned across the world, 80 of these IMS stations are radionuclide monitoring 
stations and 40 of these stations will be retrofitted with noble gas detection 
systems (Fig. 1) [3]. The noble gas stations detect the concentration of noble gases 
released from nuclear explosions, reactor operations, medical isotope production 
facilities, and other potential sources. Employing atmospheric transport models, 
the measured radionuclide signature can be attributed to a potential region. Using 
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Fig. 1 Map showing the distribution of IMS stations across the world [5] 


conventional technologies such as satellite imaging, identifying nuclear explosions 
in the Earth’s atmosphere, surface, and underwater is relatively straightforward. 
However, detecting subsurface nuclear explosions is challenging because of the lack 
of traditional signatures such as the mushroom cloud and the significant elevation 
of radiation in the vicinity of the explosion. Noble gas detection by IMS stations 
and application of atmospheric transport models address the specific scenario of 
subsurface weapon testing [4]. 


1.1 Role of Xenon in Identifying Subsurface Nuclear 
Explosions 


A large number of radionuclides are produced during a nuclear weapon explosion. 
Most of these radionuclides are trapped underground when the explosions occur in 
the subsurface. These explosions do not actively contribute to the event signature. 
However, xenon isotopes (i.e., 131mXe, 133mX¢, 133Xe, and |35 Xe) play an important 
role in the identification of subsurface explosions due to the high yield (independent 
and cumulative) of xenon, the half-lives of the isotopes, their inert chemical nature, 
and the coincidence decay scheme of xenon isotopes of interest [6]. The importance 
of each of these characteristics is covered briefly to highlight the significance of 
xenon to the subsurface weapon detection community. 
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1.1.1 Inert Chemical Nature 


Several of the radionuclides produced in nuclear explosions form chemical bonds 
under the intense conditions and are unable to escape the blast chamber. However, 
noble gases, because of their inert nature (stable outer shell configuration), do not 
easily form chemical bonds and eventually escape the subsurface. Subsequently, 
once these gases reach the surface, they undergo dilution due to atmospheric 
transport. Literature has indicated that this venting process is periodic and is 
dependent on temporal pressure and temperature changes during various parts of 
the day following a nuclear explosion. 


1.1.2 Half Lives 


The four radioxenons of interest have half-lives between a few hours and 11 days. 
The radiological property of half-life plays an important role in subsurface weapon 
detection because the half-lives of the xenon isotopes of interest are neither too 
short that they decay below detection limits before reaching the IMS station nor too 
long, so atmospheric saturation occurs, resulting in limited ability to track temporal 
changes. Other noble gases such as argon and krypton isotopes also are produced 
in a nuclear weapon explosion, but challenges related to their decay energies, half- 
lives, and yield have prevented their application in long range weapon detection. 


1.1.3. High Independent and Cumulative Yield 


Observing the fission yield curve quickly reveals that xenon isotopes have high 
independent and cumulative fission yields of over 6%. This large source term 
aids in the detection of radioxenons even at IMS stations located several thousand 
kilometers away from the source. Moreover, some radioxenons of interest such as 
133mXe decay into relatively long-lived !7*Xe, thereby extending the detection range 
which potentially would be beneficial for detecting nuclear explosions. 


1.1.4 Coincidence Decay Scheme 


The xenon isotopes of interest release an electron and a photon simultaneously dur- 
ing their decay; this phenomenon is called coincidence decay. Coincident emissions 
rarely are observed among background radiation. This enables the detection of very 
low levels of radioxenon, thus negating traditional electron or photon background 
signatures. Several radioxenon detection systems developed worldwide employ this 
coincidence detection feature in detectors with very high sensitivity. It must however 
be mentioned that high sensitivity systems were developed in the past that only 
relied on high resolution photon detectors. Table 1 shows the radioxenon emissions 
of interest. 
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Table 1 Coincidence emissions from the radioxenon of interest [7] 
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Isotope Decay energy (keV) Branching ratio (%) 
131M Xe (t4) = 11.93 days) 
XKaz 29.46 15.4 
XKa, ‘| 29.78 28.6 
X-Rays K’ py 33.60 10.2 
4.61 1. 
K' Bo 34.6 85 
Conversion electrons | 129.4 61 
Coincident decays X-ray and 129 keV e~ 56.1 
133Xe (12 = 5.35 days) 
XKaz 30.62 14.1 
XKa; 30.97 26.2 
Rays |) arg, [35.00 9.4 
K’B 36.01 1.7 
Gamma rays 80.99 37 
Conversion electrons | 45 55.1 
Betas (max energy) | 346 100 
Coincident decays X-ray + 45 keV e~ + 346 keV 48.9 
beta 37.2 
81 keV gamma + 346 beta 
133M Xe (t4/2 = 2.19 days) 
XKarz 29.46 16.1 
XKa; 29.78 29.8 
X-Rays K’By 33.60 10.6 
K' Bo 34.61 1.9 
Conversion electrons | 198.7 64 
Coincident decays X-ray and 199 keV e~ 58.4 
135Xe (1/2 = 0.38 days) 
XKay 30.62 1.45 
XKaq; 30.97 2.69 
Rays |) arg, [35.00 0.97 
O01 1 
K' Bo 36.0 0.185 
Gamma rays 249.8 90 
608.2 2.9 
Conversion electrons | 214 5.7 
Betas (max energy) | 910 100 
Coincident decays X-ray + 214 keV 5.7 
e~ + 910 keV beta 90 


249.8 keV gamma + 910 keV 
beta 
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Fig. 2 Plot illustrating the differences between normal reactor operations and nuclear weapon 
tests. The dashed line is the discriminator between the two potential release sources [9] 


1.2. Nuclear Power Plant Operation Versus Nuclear 
Explosions — The Difference 


There are several sources of radioxenon production apart from nuclear weapon 
explosions (e.g., reactor operations and medical isotope production facilities). 
Therefore, to identify the source, the ratios of various radioxenon activities are 
estimated rather than the individual activity of any one radioxenon [8]. For instance, 
the ratios of !*°Xe/!*3Xe and !°3™Xe/!33Xe are considerably different for a reactor 
release as opposed to a nuclear explosion; therefore, the ratios can be used as an 
effective discrimination metric. Figure 2 shows xenon activity ratios for reactor 
operations and weapon tests. Releases from a reactor are identified on the left of 
the dashed discrimination line while releases from nuclear tests are shown on the 
right. It must be pointed out that ratios for these two releases differ by orders of 
magnitude, considering the fact that the x and y axis in Fig. 2 are in log scale. 
In addition, it must be mentioned that releases from medical isotope production 
facilities and irradiation of fresh uranium fuel often release signatures that are 
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similar to signatures associated with a nuclear explosion. Therefore, research in 
recent years has focused on accurately recording the radioxenon background near 
such sources and developing advanced transport models to accurately predict the 
source of the release. 


1.3 Requirements for IMS Stations 


The CTBTO needs IMS stations equipped with noble gas detection to meet 
performance expectations from a sensitivity and data reporting standpoint [10, 11]. 
These requirements include: 


¢ Detection of at least a 1 kT nuclear explosion within 14 days with 90% accuracy. 

¢ Counting the sample within 24-hours and reporting data to the International Data 
Center every day. 

* Achieving a minimum detectable concentration (MDC) of under 1 mBq/m? for 
133X 9 


MDC is a sensitivity metric that was developed to estimate the lowest detectable 
limit of a noble gas system with a certain accuracy. The concentration of xenon in 
the atmosphere is estimated to be around 87 parts per billion, this low concentration 
enables the detection of xenon originating from other sources such as nuclear 
weapon explosions. The independent !3*Xe yield from a 1 kT explosion is about 
10!*Bq. Typical dilution factors from the source to the average nearest IMS station 
are between 10~!* to 107!8. Considering these two factors, establishing an MDC of 
about 1 mBq/m? makes sure that at least a 1 kT nuclear weapon can be detected by 
systems deployed in the IMS network. It must also be pointed out that, according 
to the CTBTO, although the MDC requirements are specified only for '**Xe, in 
practice the 1mBgq/m? limit has been extended to all radioxenons of interest. IMS 
noble gas stations were successful in detecting nuclear weapon explosions and also 
releases from the Fukushima reactor accident on several occasions [12, 13]. 


1.4. Minimum Detectable Concentration 


The MDC is a quantitative measure dealing with the lowest level at which a 
detection system can accurately measure radionuclides of interest. The lower the 
MDC, the more sensitive the detection system. As mentioned previously, the 
CTBTO requires all detection systems to achieve an MDC under | mBq/m?. 
The MDC equation considers several factors such as gas processing parameters, 
detection efficiencies, branching ratios, and the volume of air collected by the 
system. The general MDC equation used for radioxenon detection systems is 
presented in Eq. (1) [14]. 
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(1) 


where: 


00 = 4 BekCntroval + OR iCn) + Inter ferenceCnt + ee ee + MemoryCnt + OL entonvene 


(2) 


€g: Efficiency for detection of electrons. 

€,: Efficiency for detection of photons. 

Ber: Branching ratio of 6. 

y pr: Branching ratio of y. 

4: Decay constant of isotope of interest [s~!]. 
T-: Collection time of xenon sample [s]. 

Ty: Processing time of gas [s]. 

T,4: Counts acquisition time [s]. 

Vair: Collected air volume [m?]. 


and: 


BckCntjotai: Summation of the total number of background counts observed in the 
region of interest. 

InterferenceCnt: Counts due to interferences from radon daughters and overlapping 
~30 keV regions of interest. 

MemoryCnt: Counts due to memory effect in the gas cell. 


The memory effect is a phenomenon in which the xenon gas sample diffuses 
through the walls of the plastic scintillator, leading to an elevation in the background 
radiation level for subsequent measurements. The og term in Eq. (2) can be 
simplified if assumptions are made regarding the memory effect and interference 
counts. For example, when a pure xenon sample is used for testing a prototype 
detection system, interference from other sources can be ignored. If a detection 
material with a negligible memory effect is employed in the capacity of a gas 
cell, the memory effect counts, and the associated error term also can be zero. For 
prototype detection systems that might not have a dedicated gas processing unit, it 
is critical to mention the gas processing parameters used in the MDC calculations. 

In a situation in which there is more than one decay path of interest, such as the 
case of !3>Xe that emits an 81 keV photon in coincidence with 346 keV beta particle 
and a 31 keV X-ray in coincidence with a 45 keV conversion electron and a 346 keV 
beta particle, a weighted average method is employed to calculate the MDC for that 
radioxenon. This approach is shown in Eq. (3). 
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2 Initial Radioxenon Detection Systems and Improvements 


In the late 1990s and early 2000s, four nations volunteered to develop noble 
gas detection systems. The American Automated Radio-xenon Sampler/Analyzer 
(ARSA), Swedish Automatic Unit for Noble Gas Acquisition (SAUNA), Russian 
Analyzer for Xenon Radioisotopes (ARIX), and the French Systéme de Prélévement 
Automatique en Ligne Avec Il’Analyse du Xénon (SPALAX™) were some of the 
initial radioxenon systems that were developed. These systems generally include 
a dedicated gas-processing unit that is responsible for sampling the atmosphere 
and then isolating the xenon sample. This gas sample is subsequently injected into 
the gas cell where the xenon sample is counted. It is worth mentioning that these 
systems generally have complex built-in gas separation and purification systems. 
However, in this chapter we focus on the radiation detection aspects of these 
systems. 


2.1 Xenon Counting Strategies 


Most detection systems (i.e, ARSA, SAUNA, and ARIX) rely on either 
coincidence-based detection or high-resolution gamma spectroscopy for detecting 
radioxenon (SPALAX™). Coincidence-based detection techniques require two or 
more detection media to detect electrons and photons. One method to record near- 
real time coincidence events is using devices like field programmable gate arrays 
(FPGAs). These electronic devices accept input from two or more channels where 
the user selects the channels of interest and the acceptable coincidence time window. 
The coincidence time window (CTW) defines the maximum time between triggers 
from two or more channels of interest. For example, assume that in a two-channel 
system, the CTW is set at 500 ns. As soon as one of the channels triggers, the 
system clock starts, and within 500 ns (i.e., the CTW), if both the channels trigger, 
the event is classified as a coincidence event; if not, the trigger is considered to be a 
singles event and is rejected. The second method of identifying coincidence events 
is using list mode data. In this method, as soon as any channel of interest triggers, 
the respective pulse data along with the associated timestamps are recorded. No 
attempts are made to identify coincidence events. After the measurement campaign 
and data collection is complete, post processing scripts are run to identify and 
extract coincidence events. 

The high-resolution gamma spectroscopy technique employs high purity Germa- 
nium detectors (HPGe) for radioxenon detection (i.e., SPALAX™). This technique 
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Fig. 3. Regions of interest identified in a two-dimensional coincidence spectrum [15] 


only looks for photon emissions, and because of the detector’s excellent energy 
resolution, the photon peaks are finely resolved. Most of the background radiation 
generally falls outside the regions of interest (ROI) for the photon peaks. An 
ROI generally is a two or three sigma distribution defined around the peak. 
The number of counts recorded in these ROIs is used to determine the activity 
of each radioxenon of interest. The general concept of ROI extends to electron 
and photon peaks detected in coincidence-based systems as well. It is, however, 
worth mentioning that recent versions of the SPALAX™ detection system pivoted 


toward coincidence-based detection. Figure 3 illustrates the concept of regions of 


interest using a two-dimensional coincidence spectrum obtained from a radioxenon 
detection system. 
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2.2 Automated Radio-Xenon Sampler/Analyzer and Xenon 
International 


The ARSA is a coincidence-based detection system designed by Pacific Northwest 
National Laboratory (PNNL) [16]. In the initial version, photon detection was 
achieved using Nal detectors, and electrons were detected using plastic scintillators. 
The plastic detectors also act as a gas cell to hold the gas sample. Optical photon 
readout from all the scintillators is achieved using photomultiplier tubes. It is worth 
mentioning that during the development phase of ARSA, PNNL researchers also 
offered a solution for dealing with ??*Rn daughter products. Bi-214 and 7!+Pb, 
daughter products of *?*Rn emit photons that interfere with !*7Xe and !*°Xe photon 
emissions. It must be noted that 7!4Pb also emits a photon at 352 keV which does not 
interfere with any radioxenon emissions. It was recommended that prior to xenon 
measurements, *”*Rn be injected into the gas cell and the ratio of counts in the 81, 
250, and 352 keV regions be estimated. When radioxenon samples are measured, 
the counts in the 352 keV region can be used to estimate the number of counts in 
the 81 and 250 keV ROIs. These counts are subsequently subtracted from the two 
ROIs to estimate the true counts from xenon isotopes. 

Some challenges with the initial ARSA design included the use of the plastic 
scintillator gas cell which leads to the memory effect. However, it must be 
mentioned that methods exist to account for memory effect thereby not resulting 
in an increase in the MDC. The other drawback with this design was the extensive 
amount of gain matching that was required between various detection media. If one 
or more photomultiplier tubes (PMT) malfunctioned, there would be a significant 
effect on the operations of the entire detection system. 

Some of these challenges were overcome by the development of a redesigned 
version of the ARSA coincidence-based detection system [17]. A significant design 
change was the use of a CsI(Na) detection media rather than Nal. This change in the 
photon detection medium was supported by an increase in the physical and electron 
density of CsI(Na) over Nal, thus leading to an increase in the detection efficiency. 
However, from an energy resolution perspective, Nal provides superior energy 
resolution compared to CsI(Na) under 100 keV. The next major design change was 
the introduction of four independent electron and photon detectors. In this design, 
failure of a single PMT does not affect the performance of the detection system. 
Other minor improvements include an increase in the solid angle (efficiency) and 
reductions in the quality control and quality assurance requirements. 

The latest radioxenon detection system developed is the Xenon International 
system [18]. This was developed as part of a collaborative effort between PNNL 
and Teledyne Brown Engineering. This new design focuses more on the gas- 
processing systems and employs a Nal detector for photon detection and a plastic 
detection gas cell for electron detection. Other aspects of the detection system 
remained similar to the redesigned ARSA detector. The improved design allows 
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xenon sample measurements in quick succession, which also reduces the MDC. 
The Xenon International system aims to achieve an MDC of under 0.15 mBq/m? 
for '3!™Xe, !33Xe, and '33™Xe. An MDC of under 0.5 mBq/m?3 is expected for 
'35Xe. Other design requirements include two-way communication to be established 
between the system and the International Data Center at least 95% of the time with 
an annual downtime of less than 15 days and at most 7 consecutive days. 


2.3 Swedish Automatic Unit for Noble Gas Acquisition 


The Swedish Defense Research Agency designed and developed the SAUNA 
coincidence-based detection system [19]. Nal and a plastic scintillator were used for 
photon and electron detection, respectively. The plastic scintillator also acts as a gas 
cell. Holes were machined in the Nal detectors to house the plastic scintillators. The 
gas cell thickness was chosen to maximize the electron detection efficiency while 
minimizing the attenuation of the 30 keV X-ray photon. Two independent detection 
systems are used in the SAUNA design, primarily to account for the memory effect 
observed in the SAUNA system because of the plastic gas cell. A 5 cm (2 inch) 
thick lead shielding lined with 5 mm of copper is used to shield the system from 
background radiation and absorb X-ray emissions from the lead shielding. Data 
acquisition systems such as CAMAC electronics and standard NIM bin modules are 
used as part of the signal processing chain. 

The initial SAUNA system was successful in identifying all radioxenons of 
interest below the MDC requirements set by the CTBTO. This design however 
had a few challenges such as memory effect and complex gain matching. Atomic 
layer deposition was proposed as a potential method to suppress the memory effect 
[20]. In this method, the interior of the gas cell is coated with a thin layer (a 
couple hundred nanometers) of Al,03, with the material being slowly deposited 
in a couple of layers. This layer makes sure there is minimal xenon gas diffusion 
during counting. A potential challenge with this approach is the reduction in 
electron detection efficiency because of the Al,O3 layer. Efforts also were made 
to improve gas processing in subsequent designs. Outdated technology, CTBTO 
requirements set more than two decades ago, significant improvement in radiation 
detection technologies, advances in gas processing technologies, and improved 
knowledge of radioxenon background were some of the motivations to develop an 
advanced design. Improving the overall stability of the system, user friendliness, 
and maintainability were some of the practical reasons justifying the development 
of new designs. From a detector performance standpoint, improvements in detection 
efficiency and increased sampling rate were also achieved in the SAUNA II and 
SAUNA III systems. 
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2.4 Analyzer for Xenon Radioisotopes 


The ARIX detection system was developed by the Khlopin Radium Institute in the 
Russian Federation. In the initial version of this design, NaI was used for photon 
detection while a plastic scintillator was used to detect electrons. It must however 
be mentioned that only a thin layer of plastic was used on the inside surface of the 
photon detector, and the thickness of the plastic scintillator was not sufficient to 
accurately measure the energy deposited by electrons. Events were identified based 
on electron-gated photon spectroscopy in which only the photon energy is measured, 
and the thin plastic scintillator signal was only used to detect coincidence events. 
There is however a significant drawback with this approach. Xe-131m and '°3"Xe 
both emit a 30 keV X-ray in coincidence with conversion electrons. Employing the 
current design, differentiating the two radionuclide decays is challenging. Variable 
half-lives between the two radionuclides can be used to estimate the contributions 
from '3!™Xe and '°3™Xe. It is worth mentioning that the CTBTO requires data to 
be reported every 24 hours; however, the variable half-lives method requires about 
7-10 days to ascertain the contributions. Therefore, this design cannot effectively 
differentiate contributions from these two radionuclides while also meeting the 
requirements of the CTBTO. 

To address this shortcoming, the redesigned version of the ARIX detection 
system used independent electron and photon detection media [21]. The electron 
and photon spectroscopy were performed using a plastic scintillator and Nal, 
respectively. Because both the electron and photon energies could be captured in 
this design, accurate activity measurements of !3!™Xe and !73™Xe were feasible. 


2.5 Systéme de Prélévement Automatique en Ligne Avec 
l’Analyse du Xénon 


The French Atomic Energy Commission (CAE) developed the SPALAX™ detec- 
tion system. The initial version of this detection system employed only an HPGe 
detection system; therefore, the detection media were only sensitive to photon 
emissions. The original SPALAX™ system was able to achieve exceptional energy 
resolution but suffered from some shortcomings such as the requirement of bulky 
cooling systems, relatively low detection efficiency because of the use of a low 
atomic number material (Z), and the detector’s increased susceptibility to stray 
background interactions (compared to coincidence-based systems) in the ROIs 
defined for the xenon radionuclides of interest (thereby elevating the MDC). To 
remedy some of these shortcomings, the designers decided to use two independent 
detection bodies for electron and photon detection. NaI was used in the capacity 
of a photon detector while Passivated Implanted Planar Silicon (PIPS) was used in 
the capacity of an electron detector [22]. In this improved version, the PIPSBox, 
silicon wafers measuring about 0.5 mm are used to detect electrons. Some of the 
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significant advantages of this design include recording only coincidence events (thus 
improving MCDs), negating the requirement for a dedicated cooling system, and 
significantly improving photon detection efficiencies. The energy resolution of a 
PIPSBox is about 7% at a full width at half maximum (FWHM) level of 129 keV, 
which is significantly better compared to a plastic scintillator (about 23%). The 
use of a PIPSBox, however, presents the challenge of electron backscatter. Unlike 
plastics (low Z), the use of a silicon detection media (relatively high Z) results in 
partial energy deposition and electron backscatter. Therefore, while detecting mono- 
energetic electron peaks (129 and 159 keV CE), the use of silicon detection media 
results in a tail representing partial energy deposition. It must be pointed out that 
algorithms are available to perform the summing operation for energy deposited in 
the two-silicon media. However, this process only works when the energy deposited 
by the electron in the two silicon wafers is over the energy threshold. The other 
significant drawback of this design is the solid angle of the PIPSBox, which is 
not 47 as in the case of a plastic scintillator gas cell. The next generation of the 
design was termed as SPALAX-NG. This system employed a PIPSBox for electron 
detection and a broad energy germanium detector for photon detection [23]. This 
system could sample about 60 m? of air every 8 hours and featured several other 
improvements on the gas processing end. 

Figure 4 illustrates some of the initial radioxenon detectors like the redesigned 
ARSA, SAUNA, ARIX, and the SPALAX-NG detection systems. Figure 5 shows 
the two-dimensional coincidence spectra from the ARSA and SAUNA detection 
systems. 


3 Novel Detection Systems and Materials 


From the mid-2000s, several groups around the world have been developing 
radioxenon detectors either using novel detection elements such as CdZnTe (CZT) 
and stilbene or using variable designs like a phoswich detection system. This section 
explores a variety of detectors including some new detection concepts and media. 


3.1 Gas Based and High-Pressure Scintillation Detectors 


In the late 1990s and early 2000s, a few research groups developed gas-based 
radioxenon detectors. These include the Gas Proportional Scintillation Counter and 
the Gas Analysis, Separation, and Purification System (GASP) based systems [24, 
25]. The Gas Proportional Scintillation Counter employed a multi wire proportional 
counter and two face-to-face silicon detection media for electron detection. Full 
widths at half maximum of 1.4 and 25 keV were observed for the 30 keV X-ray and 
the 45 keV conversion electron, respectively. Because the detection media is gas- 
based, this system also was exceptional at reducing background counts. However, 
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Fig. 4 Various radioxenon detection systems. (a) Redesigned ARSA detection system showing 
a cut section view of the individual electron-photon detection system [17], (b) the initial version 
of the SAUNA detection system [19], (c) ARIX detection system employing the electron gated 
gamma detection technology [21], and (d) the SPALAX-NG system showing the PIPSBox and the 
gamma detection system [23] 


in an effort to improve the detection efficiency, especially for '°*Xe and !*>Xe, 
it was recommended to switch to inorganic or solid-state detection media. In the 
Gas Analysis, Separation, and Purification System, flow meters were incorporated 
to calculate the net counts as a function of the pressure and flow of the gas. This 
system however presented a challenge of variable electron detection efficiency as 
a function of pressure. Therefore, at high pressure (1030-2070 kPa), the detection 
efficiency drastically drops thereby affecting the performance of the system. 


3.2 Phoswich Detectors 


A Phoswich detector is a system that employs multiple scintillation media coupled 
to a single PMT or a silicon photomultiplier (SiPM) system. Generally, two 
detection media with dissimilar scintillator properties such as rise time are combined 
in this configuration. The idea is to deconvolve a single PMT/SiPM pulse into 
corresponding signals resulting from electron and photon interactions in their 
respective detection media. Over the years, several phoswich detection systems have 
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Fig. 5 Coincidence spectra from the (a) ARSA [16] and (b) SAUNA [19] detection systems 


been designed. This section covers a couple of phoswich detection systems that have 
been developed in the past. 

The detection system developed at PNNL employed a cylindrical Nal(Tl) 
encompassed by CaF2(Eu) on one end and by the PMT on the other end [26]. 
The system relied on the variable rise time of the two scintillators to discriminate 
between the electron and photon signals from CaF2(Eu) and Nal(TI), respectively. 
It however proved to be a challenge in discriminating rise times that fall outside 
the two predefined regions. It was reported that advancements in discrimination 
algorithms were required to better discriminate between the various events. A triple- 
layer phoswich detection system was developed by Oregon State University using 
Nal(Tl), CaF2(Eu), and bismuth germanium oxide (BGO) [27]. Custom-designed 
electronic readout was used for this detection system and initial results indicated 
that the detection system was successful in detecting electron and photon events at 
lower energies; however, at higher energies, an increased number of events were 
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rejected or mis-characterized. A second iteration of this design employed CsI(Tl), 
BGO, and BC-400 plastic scintillators [28]. The concept was to identify electron 
and photon energy depositions using BC-400 and CsI(TI), respectively, while BGO 
was used as a Compton suppression medium to enhance the spectra. A reduction of 
about 20-25% was observed in the low-energy Compton region with a !37Cs source. 

In 2007, a phoswich detection system was proposed that has the capability 
to detect alpha, beta, and gamma radiation in a mixed field environment using 
pulse shape discrimination [29]. Several detector configurations including a double 
phoswich system were proposed in this work while employing ZnS(Ag) for alpha 
detection, Nal for gamma detection, CaF2(Eu) or a plastic scintillator for energy 
dependent electron detection. In this system, CaF2(Eu) could also be used for low- 
energy X-ray detection. Liquid scintillation could be used to improve the system 
sensitivity, thus opening doors for low-level environmental detection. 

The phoswich detection system developed by XiA LLC employs a combination 
of CsI(Tl) and a BC-404 plastic scintillator for radioxenon detection [30]. The 1- 
inch-diameter plastic cell with a wall thickness of 2 mm was enclosed in an optically 
coupled 3-inch diameter CsI(T1) crystal with a height of 3 inch. In 2014, a simulation 
study was carried out to explore several unconventional gas cell geometries. Based 
on the study results, a decision was made to explore a planar gas cell fabricated using 
BC-404 for electron detection and CsI(Tl) for photon detection [31]. Mylar sheets 
were used on either side of the planar walls to combat the memory effect. Significant 
improvements in detector weight, size, and memory effect were achieved with this 
design. Most recently in 2021, a Nal-plastic (BC-404) based phoswich detection 
system yielded an MDC of under 1 mBq/m? for all radioxenons of interest [32]. 


3.3 Scintillator Systems 


This section covers some of the detection systems that rely solely on scintillation 
technologies to detect radioxenons. These include the Stilbene-Nal, the Iranian 
Noble Gas Analyzing System for radioxenon measurement, and the Stilbene- 
SrIp(Eu) detection systems [33-35]. Stilbene is a hydrocarbon like plastic, but 
because of its crystalline structure, a two orders of magnitude reduction in the 
memory effect is generally observed (0.04% vs. 5%). The crystalline structure 
prohibits the diffusion of xenon gas through the walls of the scintillator. 

The stilbene-NalI based detection system was developed by the University of 
Michigan in collaboration with PNNL. Using the stilbene gas cell also resulted in 
a slight improvement in the energy resolution of the 129 keV conversion electron 
compared to plastic scintillators. Stilbene also is capable of exhibiting pulse shape 
discrimination properties that resulted in an improvement of the MDC by about 1% 
compared to a traditional plastic cell. It is worth mentioning that an MDC of under 
1 mBq/m? was obtained for all radioxenons of interest using this design. A memory 
effect of 0.043% was reported using the stilbene cell. 
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The Iranian Noble Gas Analyzing System is a detection system that employs 
Nal for photon detection and a plastic scintillation cell for electron detection. This 
design is similar to the ARSA, SAUNA, and ARIX coincidence-based detection 
systems. A minimum detectable activity similar to that obtained by Le Petit and Xie 
has been reported [22, 36]. The stilbene SrIz detection system uses two SrI2(Eu) 
bodies for photon detection and the stilbene cell as an electron detector and a gas 
cell. The two SrIp(Eu) D-Shaped crystals are positioned adjacent to the stilbene 
gas cell in an effort to increase the detection efficiency. A horizontal cut on the 
Srly(Eu) crystals enables optical photon collection using the minimum number of 
SiPM arrays. Custom-made electronics were developed for identifying coincidence 
events in real-time using an FPGA. An MDC of under | mBq/m? was obtained for 
all the radioxenons of interest and a memory effect of 0.069% was reported for this 
system. The drawback of this design is the requirement of a large CTW because of 
the slow response time of SrIz(Eu) compared to other scintillators like lanthanum or 
cerium bromide. 


3.4 Semi-Conductor Systems 


Semi-conductor detection systems have been used extensively for the detection of 
radioxenon. Systems that entirely depend on solid-state detection technologies are 
covered in this section. Three detection materials are typically used in these detec- 
tors, Germanium-based HPGe, CZTs, or silicon-based systems like the PIPS. Some 
examples of these systems include two PIPSBox-CZT-based designs developed by 
Czyz et al. [37] and Fan [38], a single detector material system designed using 
two face-to-face CZT crystals [39], and the prototype 24-element silicon pin diode 
detector used for radioxenon detection [40]. 

The Two-Element CZT detection system uses two | cm? co-planar grid detectors 
for detecting both electrons and photons. A plastic detector holder was designed, 
and 3-D printed to act as a gas cell. The use of high Z detection material 
enables high detection efficiencies for photons to be achieved. On the flip side, 
because CZT also is being used for electron detection, it has resulted in partial 
energy deposition and extensive electron backscatter. This feature is especially 
pronounced for monoenergetic conversion electrons. The photons were detected 
with an excellent energy resolution but partial electron energy deposition, complex 
detector electronics, and relatively poor solid angle were some of the challenges. 
The Two-Element CZT system achieved an MDC under | mBq/m? for only !7>Xe. 

Two radioxenon detection systems were developed using the PIPSBox and 
CZT technology. The initial design developed by Czyz used two 1 cm? CZT 
crystals in conjunction with the PIPSBox [37]. The latest design developed by Fan 
employed the PIPSBox but used a total of eight CZT crystals, each measuring 
1 cm x 1 cm x 0.5 cm [38]. Four CZT crystals were arranged on either side of 
the PIPSBox. The Two-Element CZT detection system employed near real-time 
coincidence identification while the Eight-Element CZT detection system collected 
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data in list mode with the respective event timestamp and post-processed the data 
to identify coincidence events. In both systems, CZT is used for photon detection 
while the PIPSBox is used as a gas cell and for electron detection. From an electron 
detection perspective, PIPSBox has excellent energy resolution compared to plastic 
or stilbene-based systems. This system also has a considerably lower memory effect 
compared to a plastic based system but a higher memory effect than a stilbene gas 
cell based system. Because silicon also is relatively high Z compared to plastic 
or stilbene, some amount of electron backscatter still is observed while using this 
system. Although digital summing techniques are available when both the silicon 
wafers trigger within the CTW, this system relies heavily on the fact that the 
energy deposited in both the silicon wafers is above the energy threshold. Moreover, 
because the solid angle of the PIPSBox is not near 41, the electron detection 
efficiency is low compared to plastic or stilbene-based systems. This also presents a 
challenge to the digital-summing methodology described previously because there 
is no certainty that the backscattered electron will definitely interact with the other 
silicon wafer. Goodwin et al. recently developed a PIPSBox—HPGe detection system 
that has demonstrated improved discrimination and comparatively less interference 
compared to the SAUNA II detection system currently used at GBL15, the United 
Kingdom’s CTBT certified laboratory [41]. 

The 24-element silicon PIN diode detector uses four 25 mm? PIN diodes 
mounted on all six sides to achieve a total detection area of 600 mm?. A copper 
housing is used as a detector holder and also the gas cell. A detector response is 
obtained by digitally summing the signals from all the detectors. This detection 
system demonstrated excellent energy resolution for the X-rays and conversion 
electrons. It is worth mentioning that the 129, 159, and 164 keV peaks were all 
distinctly resolved in the spectrum. Some of the challenges with this detection 
system is the low interaction cross section at high photon energies because of the 
low Z of the detection medium. Therefore, from a detection standpoint, the 81 and 
250 keV photon peaks from !*Xe and !*°Xe will be challenging to observe in a 
spectrum. 


3.5  Scintillator-Semiconductor Systems 


Some of the radioxenon detection systems that employ both scintillation and 
semiconductor technologies are reviewed in this section. The stilbene-CZT and the 
CZT, an Array of SiPMs, and a Plastic Scintillator (CASP) detection system were 
both designed at Oregon State University [42, 43]. Both designs employed a 1 cm? 
co-planar CZT crystal as a photon detector and the stilbene and plastic gas cells 
were used to detect electrons. The CZT crystal was placed adjacent to the gas cell 
to achieve the maximum possible photon detection efficiency. Custom electronics 
were designed to realize a near real-time coincidence identification system for 
pulse processing. The optical photon readout was achieved using an SiPM array. 
The stilbene gas cell had a slightly better energy resolution compared to plastic 
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scintillators, and the memory effect observed in stilbene was about two orders of 
magnitude less compared to traditional plastic scintillators. In sensitivity studies, an 
MDC under | mBq/m? was achieved for all radioxenons of interest except '*>Xe 
for both the stilbene-CZT and the CASP detection systems. Although these designs 
feature a near 4m solid angle for electron detection, the photon detection efficiency 
is a significant drawback because only a single CZT crystal is used in both designs. 

The Mobile Analyzer of Radioactive Gases OuTflows (MARGOT) detection 
system was designed as part of a collaborative effort between the French CEA and 
Mirion Technologies [44]. This detection system uses two face-to-face silicon PIN 
detectors for the detection of electrons. An effort was made to reduce the leakage 
current in the silicon detectors by realizing each detector with four independent 
silicon pixels. A Nal(Tl) detector was used on either side of the silicon PIN 
detectors. This work also studied the implications of increasing the gas pressure 
inside the system. Increasing the pressure leads to a slight reduction in the detection 
efficiency and spectral broadening of the conversion electron peaks both of which 
are detrimental to the MDC. However, it was demonstrated that the benefits of 
counting a larger gas volume outweigh the shortcomings of reduced detection 
efficiency and relatively poor energy resolution for conversion electrons. 

The PIPS-SrIj(Eu) detection system was designed as an upgrade to the PIPS- 
CZT system designed at Oregon State University [45]. In this design, a dedicated 
preamplifier was used for the PIPSBox in an effort to reduce the noise in the signal. 
The use of SrI2(Eu) improved the photon detection efficiency of the system, thereby 
resulting in obtaining an MDC of under 1 mBq/m? for all radioxenons of interest 
except !*>Xe (an MDC of exactly 1 mBgq/m? was obtained for '*°Xe). Challenges 
with respect to electron backscatter and relatively poor photon detection efficiency 
compared to systems like ARSA are still some of the challenges with this system. A 
recently designed plastic-HPGe detection system was an attempt to achieve high 
electron detection efficiency. A low leakage rate of about 1 x 107+ PaL/s was 
calculated for the gas cell. An electron energy resolution of 27% was determined for 
the 129 keV conversion electron. Sub-atmospheric pressures were maintained inside 
the gas cell to achieve an electron detection efficiency of 98.8% and 96.6% for the 
129 and 346 keV conversion electron and beta particles, respectively. A memory 
effect of about 3% was reported for the plastic gas cell. The use of a broad energy 
HPGe detection system makes sure the energy resolution for photons is excellent. 
From an MDC standpoint, because a single HPGe detection system is used in this 
work, the photon detection efficiency is likely to be lower compared to other well- 
type scintillators. 

The exploded view of the MARGOT system, the cut-section view of the stilbene- 
SrI2(Eu) detector, and the exteriors of the 24-element silicon PIN diode detector are 
shown in Fig. 6. 
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Fig. 6 Detector designs of some novel systems. (a) Exploded view of the MARGOT system 
constructed using Geant4 [44]; (b) a SolidWorks cut-section view of the stilbene-Srl2(Eu) detection 
system [35]; and (c) the exterior copper holder of the 24-element silicon PIN diode [40] 


4 Discussion and Conclusions 


This section provides a high-level overview of various aspects of radioxenon 
detection systems developed over the past two and half decades. Inferences and 
conclusions will be drawn based on the expertise of researchers and operational 
history of some of these systems. 

Energy resolution and the MDC of the detection system often go hand in hand. 
An improvement in energy resolution is theoretically often accompanied by an 
improvement in the MDC considering all other detection properties are unchanged. 
This is because some of the ROIs are defined based on the energy resolution of the 
mono energetic peaks. For electron detection, silicon-based systems offer about two 
times better energy resolution compared to their organic counterparts. The drawback 
of silicon-based detectors is often non-41 solid angle, electron backscatter, and 
the requirement of gain matching. In systems like the PIPSBox, where more than 
two silicon detection bodies are used, digital energy summing techniques can be 
used to preserve energy resolution. However, factors such as the energy threshold, 
solid angle, and electron attenuation often come into play. From a photon detection 
standpoint, the use of a high-Z, high-density material often is beneficial because it 
results in an increase in the detection efficiency. Materials such as CZT often have 
been used in prototype designs; however, the drawback of this practice is that these 
room-temperature semiconductors face challenges in large-size manufacturing and 
intricate geometry fabrication such as a well-type design. Therefore, to preserve 
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the solid angle, well-type inorganic detectors can be used even though the energy 
resolution of these detection materials (CsI, Nal) is often worse compared to CZTs. 

As an important parameter, the memory effect is a factor that has been receiving 
much attention in the past decade. Counts from memory effect can be accounted 
for in MDC calculations and methods such as atomic layer deposition has been 
used. New detection materials both in the semiconductor (e.g., PIPS) and organic 
scintillator (stilbene) families are being explored. It also must be pointed out that 
using a stilbene cell as opposed to PIPS bypasses the challenges with respect to the 
solid angle and electron backscatter but results in relatively worse electron energy 
resolution for conversion electron peaks. Therefore, the tradeoff between energy 
resolution (PIPS) and detection efficiency (organic gas cells) remains and must be 
carefully evaluated before designing a system. Demonstrating a near zero memory 
effect at IMS stations might be beneficial in the long run. 

The size of the detection system also plays a role in the overall system 
performance. A larger detection body implies a higher background rate, which leads 
to a relatively worse MDC. Although lead shielding is used in an effort to suppress 
background radiation, high energy particles like muons or other charged particles 
can traverse through this shielding material and impart energy in the detection 
media. Sometimes this also leads to a coincidence event being recorded between 
noise and the high-energy background signal. While using a single instrument (e.g., 
a data acquisition system) for a system, a high energy interaction also might lead to 
unintended crosstalk between channels. Therefore, while designing a system aimed 
at improving MDC, it is often recommended to achieve a near-4z solid angle for 
detection (for both electrons and photons) while minimizing the detector volume. 
Table 2 shows the MDCs of various systems for all radioxenons of interest. 

Apart from the factors covered, there are other operational and system design 
aspects for radioxenon detectors that need to be considered. Because most of these 
systems were designed in the late 1990s and early 2000s, analog electronics were 
widely used in these designs. It has been noted that analog-based systems generally 
are from a reliability standpoint more susceptible to environmental conditions such 
as humidity and temperature than digital electronics. The use of digital systems also 
helps in reducing the overall size of the detection system. As these systems often are 
located in remote areas, digital systems might provide dependable data processing, 
storage, and transmission options. The use of high-resolution detectors for photon 
detection often uses bulky cooling equipment. As crystal growth technologies 
evolve, the use of room temperature semiconductor devices might prove to be a 
logical alternative. Gas processing systems have seen extensive development over 
the past few years. Integrating technologies such as metal oxide frameworks for 
selective noble gas capture might help advance the state of the art even further with 
respect to system sensitivity [49]. 

The number of detection elements in a system also plays an important role in 
the performance of the system. Out of the systems covered in this chapter, there 
are a few detectors that employ more than one element for detecting electrons or 
photons. Such systems require extensive detector calibration and gain matching to 
make sure that performance of all the detection bodies is similar. Improper gain 
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matching often can lead to spectral broadening that directly impacts the width of 
the regions of interest and the MDC. For systems like the MARGOT that employ 
eight silicon detection bodies and two Nal detectors, extensive gain matching was 
required. Also, employing multiple detection bodies might prove to be a long-term 
operational challenge. 

Finally, we will be covering the choice of material for use in radioxenon 
detection. Like most systems, some preliminary requirements are high intrinsic and 
geometric detection efficiency, high energy resolution, low memory effect, relatively 
compact size, and low electron backscatter. Keeping some of these requirements 
in mind, if an electron detector were to be chosen, a silicon or an inorganic 
scintillator would potentially be an ideal choice. Designers must evaluate the pros 
and cons of high energy resolution as opposed to detection efficiency based on 
the specific requirements of the system. For a photon detector, generally a high-Z, 
high-density material is preferred to maximize detection efficiency. CZTs generally 
fulfill these criteria and also have an energy resolution under 2% for the 662 keV 
peak. The challenge with CZTs is the non-availability of custom intricate detection 
geometries that help in improving their solid angle. The leakage current in thick 
crystals is also of concern for CZTs and any semiconductor system in general for 
both electron and photon detection. Several new promising solid-state detection 
materials have been recently discovered such as TIPbI3; and CsPbBr3 that might 
be used for radioxenon detection when the large size crystal growth technology 
matures [50, 51]. Moisture uptake with time also is a challenge encountered by 
hygroscopic scintillators (Nal, CsI). Novel detection materials such as cesium 
hafnium chloride have been demonstrated to exhibit respectable energy resolution 
of about 3.3% at 662 keV and maintain a high light yield while also being 
non-hygroscopic in nature [52]. Materials like this might be used for radioxenon 
detection in remote and humid areas without extensive encapsulation. In the long 
run, sensitivity, and performance improvements in radioxenon systems can be 
achieved with enhancements in selective noble gas capture, crystal growth, and 
digital pulse processing technologies. 
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Shield-Free Directional Gamma-Ray ®) 
Detector Using Small-Angle Compton cen 
Scattering 


Yoshiharu Kitayama 


1 Introduction 


Ten years have passed since the Great East Japan Earthquake of March 11, 2011, and 
the Fukushima Daiichi Nuclear Power Station (FDNPS) accident. As the FDNPS is 
being decommissioned, decontamination of the surrounding areas is progressing. 
People are gradually returning to areas considered difficult to live in 10 years ago. 

At the FDNPS, many workers are currently working daily on decommissioning. 
In certain areas, especially inside the buildings, there are places where people cannot 
work for long periods due to high air dose rates. There are also hot spots, i.e., 
areas where radioactive materials have accumulated, and the dose rates are locally 
high. Remote visualization of the distribution of radioactive materials in such spaces 
will prevent workers from inadvertently approaching hot spots and increasing their 
radiation exposure, thus improving their safety. Therefore, an attempt has been made 
to determine the distribution of radioactive materials in the workplace in advance by 
using a gamma-ray imager. 

Gamma-ray imaging is used in a variety of fields, including medicine, nuclear 
security, and space observation. Recently, it is also commonly used to understand 
the situation on and off FDNPS sites [1-4]. Typical gamma-ray imagers can be 
broadly classified as Compton or pinhole cameras. 

Compton cameras are small and light because they do not require any shielding. 
Therefore, attempts have been made to remotely visualize the distribution of 
radioactive materials by mounting Compton cameras on small robots or unmanned 
aerial vehicles [5, 6]. It is also possible to mount a Compton camera on a drone to 
image a vast area [7, 8]. In the case of the FDNPS site, there is a strong demand to 
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quantitatively estimate the radioactivity of hot spots. However, there are difficulties 
in the use of Compton cameras in the quantitative evaluation of spatially distributed 
radioactive materials. 

A pinhole camera can perform quantitative evaluation of radioactive materials 
in their field of view (FOV) by simultaneously acquiring the distance to the 
measurement target while performing gamma-ray imaging. Gamma-ray imaging 
and quantitative evaluation of radioactivity using a pinhole camera have been 
conducted on the operating floor of FDNPS Unit 2 [9]. However, a pinhole camera 
requires heavy shielding, such as lead or tungsten, and the total weight of the device 
is several tens of kilograms. It is unrealistic to mount them on small robots or 
drones. Therefore, pinhole cameras are powerful for fixed-point measurements but 
unsuitable for applications such as remote gamma-ray imaging of workplaces. 

Coded aperture cameras, another type of gamma cameras, are also attracting 
attention. In a coded aperture, a mask with a mixture of apertures and shields is 
placed in front of a position-sensitive pixel detector, and the source position is 
estimated from the shadow projected onto the pixel detector [10]. Coded apertures 
are also being used in decommissioning operations [11]. 

An example of research on a quantitative, compact gamma-ray imager for use at 
the Fukushima Daiichi Nuclear Power Plant is the Virtual Pinhole Camera (VPC) 
[12], which combines the characteristics of a pinhole camera and a Compton camera 
and has been proven to be valid by experiment. I have proposed a new gamma- 
ray imager with a different approach. The Gamma-ray imager using small-angle 
scattering (GISAS) is a new gamma-ray imager that combines the key features of a 
Compton camera (small and light) and a pinhole camera (quantitative evaluation 
ability) [13]. Similar to a Compton camera, GISAS uses Compton scattering 
dynamics to estimate the incident direction of gamma rays and does not require 
any shielding. Unlike a Compton camera, GISAS estimates the incident direction 
of gamma rays for each event by using only ultra-small-angle scattering events that 
can be considered almost straight. This feature is similar to that of a pinhole camera, 
and GISAS is expected to be able to perform quantitative evaluations using the same 
method as that used by a pinhole camera. 

GISAS consists of multiple shield-free directional gamma-ray detectors, which 
are its fundamental technical element and can detect ultra-small-angle Compton 
scattering. In this study, a feasibility study is conducted on shield-free directional 
gamma-ray detectors via simulations and experiments. 


2 Principles of Existing Gamma-Ray Imagers and GISAS 


2.1 Principles of Compton and Pinhole Cameras 


As the name suggests, a Compton camera is a gamma-ray imager that uses Compton 
scattering to estimate the incident direction of a gamma-ray. Compton scattering is 
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Fig. 1 Schematic diagrams of the gamma-ray imager: (a) Compton camera, (b) Pinhole camera, 
and (c) GISAS 


one of the major interactions that occur between gamma rays and electrons in a 
material. Through Compton scattering, the gamma ray transfers part of their energy 
to the electron. This electron is called recoil electron. Given the energy of recoil 
electron E, and energy of scattered gamma ray E,,, the scattering angle 6 can be 
written as 


1 1 
cosé = 1+m,c? —=- (1) 
Ey) + E@ Ey 


where me is the electron’s mass, and c is the speed of light. In other words, by 
measuring the energy of the recoil electron EF, and the energy of the scattered 
gamma ray E,,, we can determine the scattering angle 0 of the gamma ray. 

A Compton camera consists of a scatterer detector and an absorber detector, 
which are both position-sensitive, as shown in Fig. la. Incident gamma rays are 
Compton scattered by the scatterer and then photoelectrically absorbed by the 
absorber. The scattering angle @ of the incident gamma-ray can be calculated from 
Eq. (1) by measuring E, and E,, at the scatterer and the absorber, respectively. 
Therefore, the incident direction of gamma rays can be estimated to be in the 
shape of a cone with an apex angle of 26; the central axis is the line connecting 
the detection positions of the scatterer and the absorber. This cone is called the 
Compton cone. A gamma-ray source can be considered to exist at the intersection 
of multiple Compton cones. In this way, a Compton camera can statistically estimate 
the direction of a gamma-ray source by acquiring many events. 

A pinhole camera is based on the same principle as that of the old visible-light 
camera except that a position-sensitive detector replaces the photo film of the latter 
camera. As shown in Fig. 1b, the position-sensitive detector is placed inside a box 
made of a heavy material (such as lead or tungsten), which serves as a shield against 
gamma rays. The box has a small pinhole, which lets in gamma rays. The position- 
sensitive detector absorbs gamma rays entering the box through the pinholes. The 
gamma-ray source is presumed to be located along the straight line connecting the 
pinhole and the detected position. 
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2.2 Principle of GISAS 


Since a Compton camera uses Compton scattering to estimate the direction of the 
radioactive source, it does not require any shielding, and the total weight can be 
reduced to a few kilograms. However, quantitative estimation of spatially distributed 
radiation sources is complicated because the incident direction is not uniquely 
determined by one event. A pinhole camera can estimate the incident direction of 
gamma rays for each event. Therefore, with prior knowledge about the relationship 
of the count rate, the radioactive material’s activity, and distance to the radioactive 
material, the radioactive material’s activity in the FOV can be estimated. The 
drawback is that the device weighs several tens of kilograms due to its need for 
shielding. 

Therefore, GISAS was proposed as a gamma-ray imager that combines the 
features of a Compton camera, which does not require shielding due to its use of 
Compton scattering, and a pinhole camera, which can estimate the incident direction 
of gamma rays for each event. As shown in Fig. lc, GISAS consists of a scatterer 
detector and an absorber detector. Using the same principle as that of a Compton 
camera, GISAS estimates the incident direction of gamma rays by measuring the 
recoil electron’s energy E, and the scattered gamma-ray’s energy E,,. Therefore, 
no shielding is required, and the weight can be reduced. GISAS differs from a 
Compton camera in that GISAS counts only ultra-small-angle Compton scattering 
events, which can be regarded as almost straight, as valid events. Therefore, GISAS 
is expected to estimate the incident direction of gamma rays for each event and be 
as capable of quantitative evaluation of radioactivity as a pinhole camera. 


3 Principle of Shield-Free Directional Gamma-Ray Detector 


A pair of a scatterer and an absorber pixel of GISAS acts as a shield-free directional 
gamma-ray detector. This pair is similar to the relationship between the pinhole and 
the position-sensitive detector’s pixel in a pinhole camera. With each shield-free 
directional gamma-ray detector counting only ultra-small-angle scattering events as 
valid events, GISAS performs imaging similarly to a pinhole camera. This section 
explains the principle of shield-free directional gamma-ray detectors, which are 
the main topic of this research. A shield-free directional gamma-ray detector aims 
to have a directivity of 15°, i.e., £7.5°, in front of the detector. This directivity 
corresponds to a spatial resolution of about 80 cm at a distance of 3 m ahead of the 
directional detector. Inside the FDNPS buildings, 662 keV gamma rays from !3’Cs 
and their scattering components are dominant. In this study, the feasibility of the 
imaging of 662 keV gamma rays was investigated. 

First, the relationship between the FOV and the directivity of a shield-free 
directional gamma-ray detector is explained here. The scatterer of the directional 
detector selects only ultra-small-angle scattering events, which can be considered 
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Fig. 2 Schematic diagram of _ Efficiency distribution 
the shield-free directional 


Scatterer 
gamma-ray detector 
-FOV | | Absorber 
oo a 
oP }— $f 
: @Q Hs H, 
Directivity Ocut . 


almost straight. The maximum scattering angle selected by the scatterer is called 
O cut. If a simple model is used (the size of the detector is negligible), the FOV of 
the directional detector is +6,,; on the detector axis. Therefore, if 0.,; is set to 7.5°, 
then the desired directional detector can be made. However, as shown in Fig. 2, the 
angle 0g, which is determined by the detector’s geometry, also has a significant 
effect on FOV in reality. The angle 0g is determined by the size of the gamma-ray 
incident surface of the scatterer Hs, the size of the incident surface of the absorber 
Hx, and the distance between the scatterer and the absorber L. 0g is larger when Hs 
and Hy, are larger and L is smaller. In addition, a distribution of detection efficiency 
is deemed to exist within the FOV. In other words, the FOV and directivity have a 
different meaning. Therefore, as shown in Fig. 2, the directivity of the shield-free 
directional gamma-ray detector is defined as the area within the FOV with a certain 
level of detection efficiency. 

The principle of the angle selection is described here. The scatterer has an 
energy window of Esmin to Esmax. Here, the maximum energy threshold Esa 
of the scatterer is determined from the E, value corresponding to @¢,; and the 
scatterer’s energy resolution. The minimum energy threshold of the scatterer Esmin 
is determined by the background noise of the scatterer and should be set to a value 
slightly larger than the noise level. Since Es;j. determines the minimum detectable 
scattering angle, it should be as small as possible. If the detected energy of the 
scatterer satisfies the energy window condition, the scatterer will determine an 
event below the scattering angle 6.,, to have been detected, and a trigger signal 
will be produced. The absorber also has the minimum energy threshold E,min 
and the maximum energy threshold E4max; these thresholds ensure selecting only 
photoelectrically absorbed events by the absorber. The center value of the energy 
window of the absorber is 662 keV, and the absorber’s energy resolution determines 
its width. If the absorber detects events that satisfy the energy window condition, 
between the times the trigger signal is generated and the coincidence time t lapses, 
these events will be considered events caused by the same gamma-ray and will 
be counted as valid events. In other words, events that satisfy the energy window 
conditions set for the scatterer and the absorber are deemed caused by an ultra- 
small-angle Compton scattering event if they occur within a short enough time t 
such that they can be considered to have occurred simultaneously. 

Here, the technical conditions required for the scatterer and the absorber are 
described. The scatterer must be able to detect energies of a few kiloelectron volts 
with high accuracy. Because, if a 662 keV gamma-ray is Compton scattered with a 
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scattering angle of 7.5°, then E, is about 7.3 keV. In other words, in the design of a 
shield-free directional gamma-ray detector with 0-4; = 7.5° for a 662 keV gamma- 
ray, a value of a few kiloelectron volts is set as Esma,. Since general gamma-ray 
detection techniques target an energy range of several tens of kiloelectron volts to 
several megaelectron volts, it is difficult to detect energies of several kiloelectron 
volts with high accuracy. Therefore, a silicon drift detector (SDD) was used as 
scatterer detector; SDDs are commonly used in soft X-ray (0.1-100 keV X-rays) 
detection. An SDD is a small, cooled silicon detector with a unique electrode 
configuration [14, 15]; it has an extremely high energy resolution of about 130 eV 
(Full width at half maximum: FWHM) at 5.9 keV gamma rays emitted by >°Fe. In 
addition, Si is an advantageous scatterer because of its small atomic number, which 
means that Compton scattering is more likely to occur than photoelectric absorption. 

In this chapter we present a study, where aGAGG(Ce) scintillator was used as the 
absorber. The absorber’s density should be high because it is essential for absorbing 
gamma rays efficiently. GAGG(Ce) scintillators have a high density of 6.63 g/cm? 
and a relatively fast decay time of 90 ns. They also have a high light yield and 
good energy resolution. The photodetector is a SiPM, which is much smaller than 
a photomultiplier tube, can be driven by a low voltage, and is operated by a simple 
signal readout circuit. The SiPM is a photodetector that has recently been very 
popular in gamma-ray detection [16]. 


4 Feasibility Study by Simulation 


4.1 Selection of Scattering Angle Using Detected Energy 
Information 


As described above, energies of several kiloelectron volts (E,) should be detected 
with high accuracy to detect ultra-small-angle scattering. Therefore, an energy 
window of Esmin to Esmax is set for an SDD with a high energy resolution, and 
only events with a target scattering angle of 0¢,; or less are selected by energy 
information. 

However, there are over @¢,; events, even in cases where the detected energy 
of the scatterer is less than Esmax. There are two main reasons why scattering 
events above 0,,; are mixed with events where the detected energy of the scatterer 
is less than Esmax. The first reason is that recoil electrons generated by large- 
angle scattering deposit only a part of their energy and escape from the scatterer. 
For example, when a 662 keV gamma-ray is scattered at 70°, the recoil electron 
energy E., becomes about 300 keV. A recoil electron with energy of 300 keV will 
move several hundred micrometers from the scattering position before stopping 
in Si. However, the Si thickness of a typical SDD is several hundred to one 
thousand micrometers. Therefore, depending on the scattering position, an event 
may occur where recoil electrons generated by large-angle scattering deposit energy 
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less than Esq, to the scatterer and then escape from the scatterer. In this case, false 
recognition will occur. The second is fluctuation of the detected energy due to the 
energy resolution of the detector. Due to the statistical fluctuations of generated 
carriers or electronic noise, the detected energy fluctuates, even for the same energy 
particles. As a result, there is a possibility of detecting energies below Esq, for 
scattering events above 6¢,,;. In this case, false recognition will also occur. 

A simulation was conducted to understand the effects of these factors and confirm 
whether angle selection is possible based on the detected energy information. The 
simulations were performed using Geant4 [17], a Monte Carlo simulation toolkit. 
Gamma rays were irradiated to the scatterer, and the relationship between the 
Compton scattering angle and the actual deposited energy was investigated. From 
the simulation result, the accuracy of selecting scattering events below 6.,+ using 
energy information was examined. 

The simulation conditions are described below. The scatterer was a circular Si 
with a gamma-ray incident area of 25 mm/?, and the simulations were performed 
for three Si thicknesses: 300, 500, and 1000 j1m. The energy resolution of the 
scatterer was set to FWHM 123 eV at 5.9 keV. In the subsequent simulations, 
this value was used as the energy resolution of the scatterer. The scatterer was 
irradiated vertically with 662 keV gamma rays. When the incident gamma rays 
caused Compton scattering in the scatterer, the scattering angle and the amount of 
deposited energy were recorded as list data. 

Figure 3a shows the result of the list data for the Si thickness of 1000 wm. 
The figure shows many events that are concentrated to form a single curve. This 
curve is consistent with the relationship between @ and E,, which was theoretically 
predicted from Eq. (1). Most of the events are distributed around the curve, with 
a width close to the energy resolution. In addition, there is a widely distributed 
component in the low-energy region. This component is due to the escape electrons, 
which deposited a part of their energy to the scatterer and then escaped from it. 

According to the data in Fig. 3a, only the events where the FE, detected in 
the scatterer is in the range of Esin : 0.1 keV, Esmax : 7.3 keV are selected, and 
the histogram is shown in Fig. 3b. The range Esmin : 0.1 keV, Esmax : 7.3 keV 
corresponds to Ey values at scattering angles of about 0.9 and 7.5°, respectively. 
In Fig. 3b, the peak is seen at a scattering angle of under 10°. The presence of this 
peak indicates that the targeted small-angle scattering is selectively detected. By 
contrast, large-angle scattering events of over 10° are distributed over a wide range 
of angles. These components are due to escape electrons. The cumulative sum of 
the histogram shows that the peak of the small-angle scattering event accounts for 
about half of the total events, and the other half is the escape electron component 
of over 10°. The effect of escape electrons is more substantial for thinner Si. The 
large-angle scattering component accounts for 64% and 75% of the scattering at 
the Si thicknesses of 500 and 300 \1m, respectively. These results indicate that the 
energy window of the scatterer alone is strongly affected by the escape electrons. 
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Fig. 3 Simulation result of angle selection: (a) The relationship between E, detected in the 
scatterer and Compton scattering angle, (b) Histogram of the number of events per scattering angle 
at Esmin : 0.1 keV, Esmax : 7.3 keV 


The absorber also has an energy window, from E4min to EAmax, for selecting only 
the events that are photoelectrically absorbed. Only the events that satisfy the energy 
window conditions of the scatterer and the absorber are counted as valid events. In 
other words, events where the EF, (£,/) detected in the scatterer (absorber) satisfies 
the energy window of the scatterer (absorber) are deemed valid events. Therefore, it 
was confirmed to what extent the effect of the escaping electrons can be reduced by 
setting an energy window condition for the absorber in the results of Fig. 3b. The 
energy window for the absorber was set to 662 + 56 keV, ie., EAmin : 606 keV, 
EAmax : 718 keV; 56 keV is the typical FWHM of a GAGG(Ce) scintillator at 
662 keV [18]. As a result, the ratio of events of over 10° to the valid events was 
reduced to about 2%. These results indicate that it is possible to reduce the effect 
of escape electrons and select only small-angle scattering events by setting energy 
windows for both the scatterer and the absorber. 

Let 6¢,; be an angle where 90% of the events counted as valid events are less 
than 6.,;. In the abovementioned example for the Si thickness of 1000 j1m, the 
calculated 6.,, was 7.3°. @¢,; was calculated under different Es,,, conditions to 
investigate how Esq, affect 0.,;. About the simulation results for the Si thicknesses 
of 300, 500, and 1000 «xm, the changes in 6,,7 when Esmnqy Was set to 1.2, 2.1, 3.2, 
4.7, 6.3, and 8.2 keV were calculated and are summarized in Table 1. Each Eginqy 
corresponds to E,, scattering angles of 3°, 4°, 5°, 6°, 7°, and 8°. As shown in Table 
1, even when the Si thickness changes from 300 to 1000 jzm, the maximum change 
in 6 -y remains about 10%. Therefore, the thickness of Si in the SDD does not have a 
significant effect on 6.,;. By contrast, 0 ¢,, can be adjusted significantly by changing 


Esmax- 
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Table 1 The relationship ea auiclaieus 
ie Sitar ema 300 um ]500 pm | 1000 pm 
Esmax |12keV [38° (35° (34° 
Dikev 45° [44° 43° 
32kev [54° [53° |5.2° 
4.7kev [64° [62° ‘|5.9° 
63kev 172° (71° 169° 
82keV 80° 179° 7.79 


4.2 Relationship Between 0G, 0cy, and Directivity 


As mentioned in chapter “Cascade Gamma Emission Coincidence Tomography”, 
8G, which is determined by the detector’s geometry, affects the directivity. 6g 
changes with the size of the gamma-ray incident surface (Hs and H4) and the 
distance between a scatterer and an absorber (L). The larger the 06g and 6,,; values, 
the wider the FOV and directivity. The relationship between 6,,,;, 9g, and directivity 
was investigated by simulation using Geant4. 

A shield-free directional gamma-ray detector consisting of a scatterer and an 
absorber was constructed using Geant4. The directional detector was irradiated with 
662 keV gamma rays from the front of the detector at different incident angles, 
and the magnitudes of the energies detected by the scatterer and the absorber were 
recorded as list data. The events satisfying the conditions of the scatterer’s and 
absorber’s energy windows were selected from the list data as valid events. Given 
the number of valid events, intrinsic efficiency &;,; is defined as 


Number of valid events 


ee Number of gamma rays incidents on the scatterer’ 
and the &jn; values for each incident angles were compared. 

The simulation conditions are described here. The scatterer is a circular Si with 
a thickness of 1000 jm and a gamma-ray incident area of 25 mm?. The Hs shown 
in Fig. 2 is 5.6 mm. The absorber is a5 x 5 x 30 mm* GAGG. Hg is 5.6 mm. 
Three L values, namely, 50, 100, and 150 mm, were simulated to confirm the 
change in directivity due to the difference in 06g. These L values corresponded to 
Og: 6.0°, 3.0°, and 2.0°. Gamma rays were irradiated while changing the incident 
angle from 0° to 20° at 2° increments. Here, the incident angle of 0° was defined as 
the front of the detector. To confirm the change in directivity due to the difference 
in O¢y;, the directivity for Esma, values of 1.2, 2.1, 3.2, 4.6, 6.3, and 8.2 keV was 
calculated. These Esq, values corresponded to 0 cy: 3.4°, 4.3°, 5.2°, 6.0°, 6.9°, and 
7.7°, respectively. In other words, for the directional detectors with three different 
geometries, namely, 6G : 6.0 ° , 3.0°, and, 2.0°, the directivity was calculated for 
O cut: 3.4°, 4.3°, 5.2°, 6.0°, 6.9°, and 7.7°. 
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Fig. 4 ¢;,; distribution at 0g : 6.0° 


Table 2 Relationship Ba 
between Ocur, OG, 61° 3.0° 70° 


and Directivity } : 
Bou |3.4° |+5.1° |+3.9° | +4.0° 
[43° |£5.5° [248° [£5.10 
/5.2° | +6.1° | +5.6° | +5.7° 
(6.0° |+7.1° |+6.5° | +6.5° 
(6.99 £7.79 | +7.4° | +7.3° 
[7.7° |£8.5° |+8.0° |-£7.9° 


The simulation results are shown below. Figure 4 shows the e&jn; distribution 
at 0g : 6.0°. As Oe, increases, the overall ¢j,; increases, and the FOV widens. 
However, the &jn; at the incident angle of 0° does not exceed 5.4 x 10—°, even when 
9 cut is increased. This is because the detector’s geometry limits the maximum ¢éjn;. 
For example, when the incident angle is 0°, even if 0-,; is larger than 0g, events 
with scattering angles greater than 6g will not be incident to the absorber due to 
the geometry. Therefore, under the condition of 0G : 6.0°, &in¢ will be saturated at 
Pcut = 6.0°. 

The cumulative percentage was obtained for the area of the ej; distribution, and 
the directivity was defined as the angle when the cumulative percentage reached 
90%. The relationship between 6¢,;, 9G, and the calculated directivity is shown 
in Table 2. According to the table, the directivity expands as 0; is increased for 
detectors with the same 6G. For detectors with the same 6¢,;, the directivity tends to 
increase as 0G is decreased, but it is not a significant change. For example, between 
6g : 3.0° and 6g : 2.0°, the directivity hardly changes while L is lengthened 1.5 
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times (from 100 to 150 mm). The target value of directivity, namely, +7.5°, could 
be achieved under the conditions shown in bold letters in Table 2. 


5 Simple Experiments with Prototype Shield-Free 
Directional Gamma-Ray Detector 


Based on the simulation results, a shield-free directional gamma-ray detector was 
fabricated. A simple performance evaluation was performed with a !*’Cs radioactive 
source. The performance evaluation was also simulated by Geant4, and the results 
were compared. 

First, an overview of the fabricated shield-free directional gamma-ray detector is 
described here. Figure 5 shows an overview of the fabricated directional detector. A 
SDD (thickness: 1000 1m, diameter: 5.6 mm), manufactured by Amptek [19], was 
used as the scatterer detector. The SDD signal was preamplified and then sent to 
Amptek’s X123 digital pulse processing module. X123 can set a scatterer’s energy 
window. A 5 x 5 x 30 mm? GAGG(Ce) scintillator and a SiPM (S1360-6025CS) 
manufactured by Hamamatsu Photonics were used as the absorber detector. The 


GAGG (Ce) scintillator SiPM 


Stud Housing SIPM readout circuit 


Cooling device Pre amplifier 


Si i 
c z 
Be window ( 


Detector head 


Heat sink Scintillator holder 


Power supply circuit 
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'57Cs source (10 MBq) 


& 
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Fig. 5 Fabricated shield-free directional gamma-ray detector 
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Fig. 6 Schematic diagram of experimental setup setup 


distance between the scatterer and the absorber was 50 mm, ie., Hs : 5.6 mm, 
Ag: 5.0 mm, L: 50 mm, 6G: 6.0°. 

Next, the experimental setup is described here. The experimental scheme is 
shown in Fig. 6. A 10 MBq +20% !3’Cs check source was used as the gamma- 
ray source. The distance between the scatterer and the source was set to 36 mm. The 
position of the source was changed from 0° to 30°, and the rate of valid events 
for each position was recorded. The energy window of the scatterer was set to 
Esmin : 0.4 keV, Esmax : 4.7 keV, and the energy window of the absorber was set 
to Eamin : 640 keV, Eamax : 684 keV, 1.e., 662 + 22 keV, where 44 keV was the 
FWHM at 662 keV of a GAGG(Ce) of this experimental setup. In the experiment, 
Esmin Was set to 0.4 keV due to the electronic noise of the SDD. Whenever a detected 
event satisfied the energy window of the scatterer, X123 outputted a digital pulse as 
a trigger signal. The trigger signal was sent to channel 0 of a multichannel analyzer 
(MCA), CAEN N6781. The absorber signal was also sent to channel | of the MCA 
after a delay of 550 ns. If an event that satisfied the energy window of the absorber 
was detected at channel | during a coincidence time of 500 ns after the trigger signal 
was sent to the MCA, then it was counted as a valid event. 

The simulation conditions are described here. A directional detector with the 
geometry of the fabricated directional detector was constructed in Geant4. The 
scatterer was a circular Si with a gamma-ray incident area of 25 mm? and a thickness 
of 1000 jim, and the absorber was a5 x 5 x 30 mm? GAGG. The distance between 
the scatterer and the absorber was 50 mm, and their energy windows were set to 
Egmin : 0.4 keV, Esmax 1 4.7 keV and Emin : 640 keV, Emax : 684 keV, respectively. 
The !3’Cs source was a cylindrical volume source with a diameter of 5.5 mm and 
a height of 3 mm. The distance between the scatterer and the source was set to 
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Fig. 7 Result of experiment and simulation 


36 mm. The rate of valid events was calculated by converting the measurement time 
based on the number of gamma rays incident to the scatterer, the source intensity 
(10 MBq), and the distance to the source (36 mm). The baseline calculated based on 
the experimental results was added to the rate of valid events. 

As seen in Fig. 7, both the simulation and experimental results show a tendency 
for the rate of valid events to be high near the center and almost drop to the baseline 
level around 20°. The reason for the broad distribution compared with that in Fig. 
4 is that the distance between the volume source and the scatterer was too short to 
obtain a parallel beam. Although the simulated rate of valid events in front of the 
detector tended to be estimated higher than the experiment result, the results show 
the feasibility of determining the directionality by detecting small-angle Compton 
scattering. 

In the region from 0° to 10°, the experimental results show a lower rate of 
valid events than the simulation. One possible cause is the effect of shielding by 
structures that were not considered in the simulation. For example, as shown in Fig. 
5, the SDD was composed of a cooling module, a fixing bolt, and a housing. These 
components were not considered in the simulation due to the complexity of the 
structure. Furthermore, the simulation did not consider pile-ups and the counting 
off of events outside the coincidence window. These factors also increase the rate of 
valid events in the simulation. 
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6 Conclusion 


The feasibility of shield-free directional gamma-ray detectors, which are the basic 
technology of the new gamma-ray imager GISAS, was verified by simulations 
and experiments and has been presented in this chapter. A shield-free directional 
gamma-ray detector consists of a scatterer and an absorber, and detects only ultra- 
small-angle scattering by setting appropriate energy windows. Since the energy of 
scattered electrons generated by small-angle scattering is only a few kiloelectron 
volts (much smaller than the energy range of conventional gamma-ray detection 
techniques), an SDD was used as the scatterer. A GAGG scintillator was used as the 
absorber. In the simulation, a 25 mm2, 1000 yum thick SDD anda5 x 5 x 30 mm? 
GAGG scintillator were placed 50 mm apart, and their energy windows were set to 
Egsmin : 0.1 keV, Esmax 14.7 keV and Emin : 606 keV, EAmax : 718 keV, respectively. 
The simulation result indicated that a directivity of about +7.1° was obtained in the 
condition. 

Based on the simulation results, a prototype shield-free directional gamma-ray 
detector was fabricated, and a simple experiment was conducted. A 10 MBq !3/Cs 
check source was placed in front of the detector, and the rate of valid events 
was measured while changing the source position. The findings confirmed that the 
directivity was centered on the front of the detector. Compared with the results of 
the simulations on a similar system, the trend was consistent, although the rate of 
valid events near the front of the detector was underestimated than the simulation 
result. This result indicates the feasibility of a directional gamma-ray detector that 
does not have shielding and detects small-angle Compton scattering by using an 
SDD as a scatterer. Since this study aimed to investigate the feasibility of the idea, a 
commercial SDD was used as the scatterer. Since it was not a custom-made detector, 
the structures were placed behind the Si. These structures are disadvantageous 
in terms of detection efficiency. The readout circuit and other circuits that were 
fabricated were also simple ones. In order to conduct more accurate experiments, 
these circuits need to be improved. Since this study has shown the feasibility 
of directional detectors using small-angle scattering, more accurate directional 
detectors will be fabricated to realize GISAS in the future works. 
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1 Introduction 


Matter all over the Earth is continuously absorbing radiation. An average sized 
human may absorb thousands of gamma rays from terrestrial and cosmic sources 
of radiation every second of their adult life. Some microorganisms can naturally 
respond to radiation or radioactive elements; however, humans are not as lucky, and 
in turn need sensors to provide knowledge on the presence of radiation. Despite 
the prevalence of radiation absorption in all materials, detecting that radiation is a 
challenging feat. It becomes even more challenging when sources of radiation with 
activities equivalent-to or lower than background levels are the target for detection 
or identification. 

Significant consideration of materials science goes into making a sensor capable 
of detecting radiation. The distinction between a material simply absorbing radiation 
to detecting radiation comes from how it converts energy deposited from radiation 
into signals that can be translated into useful information about the interaction. 
Individual gamma radiation interactions impart relatively small amounts of energy 
into matter, and thus sensor materials with sensitive and precise properties are 
necessary detect the signatures. Signals on these orders are not trivial to detect. 
To give an example, if 100,000 electron-hole pairs are produced in the ionization 
of a semiconductor from a gamma ray, the resulting charge will only be on the 
order of pico- to femto-Coulombs. Likewise, if 30,000 optical photons are produced 
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from ionization in a scintillator the resulting signal on a photocathode will need to 
undergo several stages of gain before useful information from the interaction can 
be extracted. Materials must therefore be designed so that signals can be extracted 
without being overwhelmed by noise — placing electrodes and measuring induced 
charge on a piece on concrete, for instance, will not yield a useful radiation sensor. 
For a material to be a good radiation sensor, the physical and electronic properties it 
exhibits must be intrinsically and extrinsically optimized to produce highly resolved 
signals from interactions. 

Selecting a good material is just the beginning of making a useful sensor for 
detecting, identifying, or otherwise quantifying radiation. The spectral signatures 
from radiation in a sensor must be stable over the duration of a measurement 
or series of measurements, and the algorithms in place on a detector must be 
able to correctly work no matter the environment that the detector is operating 
in. The methods commonly implemented for keeping a detector energy-aligned 
are often simple in concept but difficult to implement in field conditions where 
temperatures and radiation backgrounds are not constant. Most frontline users of 
radiation detectors are not experts trained in the science of radiation interactions 
or spectral analysis. It is therefore crucial that the results from radiation detection 
instruments come from robust hardware and versatile algorithms that can deliver 
true positive results with high accuracy. 

This chapter provides an overview on the factors that go into developing 
radiation detectors. Discussion is separated into the material science concepts 
behind selecting compounds and growing sensors optimized for radiation detection, 
and separately, detector design and engineering concepts that make robust for field 
operations are reviewed. Modern algorithms applied to radiation detection are also 
discussed. 


2 Producing Radiation Detectors 


There remain many standing challenges in the field of radiation detection science 
[1]. Many, if not all, of these challenges could be resolved by surging capital 
investments into radiation detector research and development. In reality, radiation 
sensors will only be used if they are cost-balanced solutions to a mission need. 
Laboratory instrumentation, homeland security efforts, commercial power plant 
monitoring, and medical applications each have a different vision of a “perfect” 
radiation detection system. A common gap seen in each of these applications is that 
the state of the art is often limited by the lack of a sensor with ideal properties being 
available on a large enough scale and low enough cost. Radiation sensor R&D thus 
operates around a process flow of developing better candidate materials, growing 
them into larger sensors, and finding ways to manufacture those sensors at low 
production costs. 

Many new materials with properties that exceed conventionally employed radia- 
tion sensors are continuously discovered (see Tables 1 and 2 later in this chapter for 
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Table 1 Scintillator materials with light output greater than Nal(Tl) and those with historic 
significance 


Energy 
resolution (% 
Luminosity* Emission FWHM at 

Material Reference (<photons/MeV) | pe ak? (nm) 662 keV) 
C14Ho (Anthracene) | [2] 17,000 400-450 ne. 
BaBr,.71o3(Eu) [3] 112,000 414 nr. 
BaBro(Eu) [3, 4] 58,000 408-414 6.9 
BaBrCl(Eu) [3, 5] 59,500 405 4.3 
BaBrl(Eu) [3, 6-8] 97,000 413 3.4 
BaCl2(Eu) [4, 9] 52,000 406 3.5 
BaFI(Eu) [3] 55,000 405 8.5 
BigGe3012 [10-12] 10,600 510 9.1 
CaF2(Eu) [13-15] 25,000 435 6.1 
Cal2(Eu) [16, 17] 110,000 470 5.2 
CeBr3 [18, 19] 68,000 371 3.6 
CsBazI5(Eu) [6, 8, 20] 102,000 430 2.3 
Cs4Cal¢(Eu) [21] 51,800 474 3.6 
Cs3CuaIs5 (Tl) [22] 87,000 450 3.4 
Cs4EuBre [23] 78,000 455 4.3 
Cs4Eule [23] 53,000 465 5.0 
Cs2HfCle [24, 25] 54,000 400 2.8 
Cs2LiLaBr¢(Ce) [26] 60,000 410 2.9 
Cs2LiLaCle(Ce) [26] 35,000 400 3.4 
CsoLiY Cle (Ce) [26] 20,000 490 3.9 
Cs2NaGdBr6(Ce) [27] 48,000 418 3.3 
Cs2NaLaBr6(Ce) [28] 46,000 415 3.9 
Cs2NaYBr313(Ce) [29] 43,000 350-465 3.3 
Cs2NaLaBr313(Ce) [29] 58,000 350-460 2.9 
Cs4Srl6 (Eu) [21] 62,300 474 3.3 
CsI(T)) [10, 11] 61,000 540 5.6 
CsSrI3 (Eu) [30] 65,000 446-457 5.9 
GdI3(Ce) (26, 31] 89,000 563 8.7 
Gd202S(Tb) 

K>Bal4(Eu) [32] 63,000 448 2.9 
Ko BazI5(Eu) [32] 90,000 444 2.4 
K2LaCls (Ce) [33, 34] 30,000 340-380 5.0 
KoLals(Ce) [33] 55,000 400-440 4.5 
KCal3 (Eu) [35] 72,000 465 3.0 
KSr2Br5(Eu) [36] 75,000 427 3:5 
KSrzI5(Eu) [37] 94,000 452 2.4 
LaBr3(Pr) [38] 74,500 490-730 3.2 
LaBr3(Ce) [12, 39, 40] 63,000 380 2.6 
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Table 1 (continued) 


Energy 
resolution (% 
Luminosity Emission peak> FWHM at 
Material Reference (<photons/MeV) | (nm) 662 keV) 
LaBr3(Ce, Sr) [41] 78,000 nt. 2.0 
LiCazI5(Eu) [42] 90,000 472 5.6 
LiGdCl4(Ce) [43] 64,600 345-365 nr. 
LiSrals [42] 60,000 417-493 3:5 
Luls(Ce) [44, 45] 115,000 522 3:3 
Nal(T) [46] 38,000 415 TA 
Rb2AgBr3 [47] 25,600 480 nr. 
RbGd>2Br7(Ce) [48] 55,000 420 3.8 
Srlp(Eu) [49, 50] 120,000 435 2.6 
TlxGdCls (Ce) [51] 53,000 389 5.0 
T1Gd2Cl7(Ce) [52] 49,700 350-550 6.0 
TlpLaCls (Ce) [53, 54] 82,000 383 3:3 
T1SroI5(Eu) [55] 70,000 463 4.2 
ThZrCle [56, 57] 50,800 450-470 4.3 
TISrI5(Eu) [55] 70,000 463 4.2 
YI3(Ce) [26, 31] 98,600 549 9.3 
ZnS(Ag) [58] 50,000 450 nr. 
ZnSe(O) [59] 71,500 595 TA 


References to each material are provided along with reported luminosity, peak emission wave- 
length, and the energy resolution at 662 keV 

“Peak reported emission, or integrated over all fluorescence components when applicable 

b Average emission wavelength at room temperature. Emission wavelength can shift with varying 
activator dopant concentration and temperature 


examples). Why then does the industry not more fervently pursue and adopt these 
new materials? The answer comes down largely to the cost and effort associated 
with optimizing yield in crystal growth. Nal(Tl) has been the staple of handheld 
radiation detection and identification systems for decades because it comes from 
cheap precursor materials and is relatively easy to grow into large single crystals. 
If a warehouse of NalI(T1) sensors can be acquired for the same cost as small batch 
of low yield sensors with better properties, the cost benefit favors sticking with the 
conventional sensor material. In the following paragraphs the general process is 
described for producing a new sensor from starting material to packaged product. 
Exceptions to some steps or processes for producing specific materials are expected; 
however, the efforts and costs associated with manufacturing most sensor materials 
are hard to avoid. 

For a new sensor material to be a serious contender for widescale use in radiation 
detectors it must be cheap to produce, and able to be produced in large volumes. 
Excluding R&D labor, sensor production costs are determined by the capital needed 
to acquire high purity precursor materials, and effort needed to grow the crystal. 
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Table 2 Electronic properties of candidate RTSD materials as reported in literature 
Pair 
Band Resistivity Spectroscopic | creation 
Material Reference | gap (eV) | (Q-cm) (Te (cm?/V) response? energy 
CdTe [60, 61] 1.44 1-10° 1-2-1072 Yes 4.43 
CdZnTe [62, 63] 1.57 10°-10! | 7.5.10-3 Yes 4.64 
Hgl> [64] 2.15 1.1013 3-10-4 Yes 4.20 
TIBr [65,66] | 2.68 1.1010 3-10-3 Yes 6.50 
CdMnTe [67-70] 1.61 3-10!0 7.1073 Yes 2.12 
CdSe [71,72] | 1.73 1-10! 6.3-10-> Yes 5.50 
CdZnSe [73] 2.00 2.1010 1-10-4 No 6.00 
CdTeSe [74,75] | 1.47 5-10° 4.10-3 Yes (4.56) 
GaAs [76] 1.42 1-108 8-10-> Yes 4.20 
GaSb [77] 0.72 nt. 3-10-> Yes (2.51) 
GaSe [78-80] | 2.03 108-10! | 3.7-10-> Yes 4.49 
GaTe [80] 1.66 1-10° nr. No (5.08) 
GaN [81] 3.40 1-10!! 1-10-4 No 10.2 
GaP [81] 2.26 1-10° 1-10-> No 7.00 
InP [82] 1.34 1-10° 5-10-© Yes 4.20 
AISb [83] 1.65 1-108 1.2-10-4 No 4.71 
TiHgInS3 [84] 1.74 4.10° 3.6-10-4 No (5.30) 
CsHg6S7 [85,86] | 1.63 6-107 1.7-10-3 Yes (4.99) 
CsHgInS3 [87] 2.30 9.1010 3.6-10-> No (6.83) 
TI1GaSe2 [88] 1.93 1-10° 6-10~> No (5.82) 
AgGaSe2 [89] 1.70 1-10!! 6.0-10~© No (5.19) 
TlInSe2 [90-92] | 1.10 10°-107 1-10-7 No 3.60 
LilnSez [93,94] | 2.85 1-10!! 3.0-10~° No (8.33) 
LiGaSez [95] 2.80 1-108 ne. No (8.19) 
CsCdInSe3 __| [96] 2.40 4.10° 1.2-1075 No (7.10) 
Tl3AsSe3 [97] nr. 10°10 ner. No nt. 
CspHg3Seq | [98] 2.1 1.1-10° 8.0-10-4 No (6.28) 
Pb2P2Se¢ [99, 100] | 1.88 5-101! 3.1-10-4 Yes (5.68) 
CuzI2Se¢ [101] 1.95 10!2 ner. No (5.87) 
CsCdInTe3 | [96] 1.78 2.108 1.1-10-4 No (5.06) 
Cs2Cd3Tey | [98] 2.5 1-106 1.1-10-4 No (7.38) 
PbIy [64] 2.32 1-10!3 1-107-5 Yes 4.90 
InI [102, 103] | 2.00 1-10!! 7.1075 Yes (6.01) 
Sb [104] 2.20 1-10!9 ne. No (6.56) 
Bilz [105, 106] | 1.67 108-10!! 1-10-4 Yes 5.80 
B-Hg3S2Cly__| [107] 2.56 1-10!9 1.4-10-4 No (7.54) 
CsPbBr3 [108-110] | 2.25 10°-10!! 8.0-10-3 Yes (6.69) 
Hg3Se2Br)__‘| [111] 2.22 1-10!! 1.4-10-4 Yes (6.56) 
SbSel [112] 1.70 1-108 4.4.10-4 No (5.19) 
ThCdl¢ [113] 2.80 2.1010 6.1-10~4 Yes (8.19) 


(continued) 
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Table 2 (continued) 


Pair 
Band Resistivity Spectroscopic | creation 
Material Reference | gap (eV) | (Q-cm) ([LTe (cm?/V) response? energy 
TleSely [115] 1.86 4.10!2 7.0-1073 Yes (5.63) 
ThyHels [97] nr. 10!!_10!2_| 8.0-10-4 Yes net. 
T1SnI5 [116] 2.14 4.1019 1.1-1073 No (6.39) 
Hg3Solb [117] 2.25 2-101! 1.6-10~ No (6.69) 
Hg3SeaI> [117] 2.12 1.2-10!2 1.0-10-> Yes (6.34) 
Hg3Teol> [117] 1.93 3.5-10!2 3.3-10-° No (5.82) 
Rb3Bizlo [118] 1.93 3.2-10!! 1.7-10~6 No (5.82) 
Rb3SbeIo [118] 2.03 8.5-10!9 4.5-10-© No (6.09) 
Cs3BizIo [118] 2.06 9.4.10!2 5.4-10-> No (6.17) 
Cs3SbzIo [118] 1.89 5.2-10!! 1.1-107> No (5.71) 
CdGeAs» [119] 0.9-1.0 | 107-109 nr. No (3.30) 
LiZnAs [120, 121] | 1.51 10°10!!! nr. No (4.67) 
LiZnP [120, 122] | 2.04 10°-10!! ner. Yes (6.12) 
4H-SiC [81, 123] | 3.27 2.1012 4.10-4 Yes 7.78 
Diamond [124, 125] | 5.47 5.10!4 2.7-1077 No 13.0 
PbO [126] 2.80 1-103 1.1078 No (8.19) 
ZnO [127] 3.30 3-10!3 10-°10-4 No (8.37) 
MAPDbI3 [128-130] | 1.54 108-10 1.0-1072 Yes (4.75) 
FAPbI3 [128, 1.43 10°-10° 1.8-1072 Yes (4.40) 
131-133] 
FACsPb(BrI)3 | [132] 1.52 108-109 1.2-107! Yes (4.69) 
MAPDb(BrI)3_| [128] nr. IL. 1.0-10-> Yes nr. 
MAPbBr3 [134, 135] | 2.3 1.7-107 1.2-10-2 No (6.83) 
MAPbBr3:Cl | [136] 2.3 3.6-10° 1.2-1072 Yes (6.83) 


Value references taken from Owens [137] along with sources given in column 2. Table is a 
reproduction of the property table provided in Ref. [138] with new data provided on compounds 
that have emerged since the original publication 


Costs of precursor materials are proportional to the abundance and access of 
a chemical compound, or more generally, its elements. Many compounds with 
promising properties and performance are hamstrung by being composed of rare and 
expensive transition metals and lanthanide elements. While niche applications will 
always exist for higher performing yet more expensive sensors to fill, widescale use 
in the small field of radiation detection will only be achievable if a sensor is derived 
from abundant precursor sources. In addition to a precursor being cost effective, a 
stable supply chain is needed for scaling to large production volumes, which can 
often be a hinderance toward the acquisition of rare and expensive compounds. 
Pure precursors are necessary because performance-driving properties are 
closely linked to impurity element concentrations in most radiation sensor 
materials. Impurities can also hinder the growth of large single crystals by affecting 


Materials for Gamma Radiation Sensors 187 


thermodynamic properties of the melt or promoting unwanted nucleation if present 
in high enough concentrations. Several techniques can be employed to improve the 
purity of precursors before crystal growth. For materials with low vapor pressures, 
and vapor pressure differences between the compound and its impurities, physical 
vapor redeposition techniques can be effective in reducing impurity concentrations 
[139]. More commonly, zone refining techniques are used to drive impurities, which 
often have different solubilities than their host matrix, out of a bulk material [140]. 
In both methods, furnace components, fill gasses, and surfaces in contact with 
precursors must likewise be sourced such that impurities are not diffused into the 
material being refined. These purification steps, while necessary for producing high 
quality precursors for crystal growth, are a significant source of added time, energy, 
and cost to sensor production. 

With a sufficiently pure amount of precursor material, efforts can be made to 
grow a single crystal gamma radiation sensor. A majority of spectroscopic semicon- 
ductor and scintillator radiation sensors are inorganic compounds grown into single 
crystals. Hundreds of comprehensive literary resources cover the concepts and 
challenges associated with crystal growth. In summary, it is very difficult to grow a 
large (>5 cm?) single crystal without first expending significant effort and trial-and- 
error to perfect growth conditions. Each specific material requires growth conditions 
that are optimized to its thermodynamic properties, and precise management of 
many parameters during growth that are difficult to control: temperature gradient 
across a boule, solidification speed, solid-liquid interface shape, stress and strain 
at the solid-liquid interface, prevention of secondary phase nucleation, and many 
other factors [141]. Microscopic defects that can be present within single crystal 
phases must also be minimized so that signals generated in radiation interactions 
are not quenched within the crystal. At many steps along the growth process, 
material characterization may be necessary to ensure properties expected by a sensor 
are being achieved. Single crystals with large yields are more easily grown at 
lower temperatures, from congruently melting compounds (the simpler the phase 
diagram, the better), or from compounds that can be grown via solution. These ideal 
growth concepts are the recommendation rather than the requirement, though costs 
scale with effort. Sensors composed of compounds that require high temperatures 
or pressures, have issues with secondary phase formations, or otherwise require 
difficult growth conditions are not uncommon, and there are many examples of 
commercially successful materials with such problems. Despite successes seen in 
growing challenging materials, there is a clear correlation between widespread use 
in instrumentation and ease of sensor production. 

Finally with a single crystal in hand, among the last remaining costs to expend 
in producing radiation sensors are fabricating, packaging, and accounting for 
other practical factors such as hygroscopicity, mechanical durability, and stability 
against environmental aging effects. These final production steps are vastly different 
depending on whether the sensor is a semiconductor or a scintillator. For both, 
the first step when a single crystal boule is removed from its growth ampoule 
is to cut and polish the single crystal into the form factor that the sensor is to 
take in an instrument. Specialized precision machining and polishing instruments 
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are used to prepare crystal surfaces without introducing optical defects or surface 
damage that can lead to shunt currents. For semiconductors, anode and cathode 
metals are then deposited on the surfaces of the crystal, while scintillators have 
optical coupling applied to the surface that contacts a photocathode. The crystals 
can then be packaged as sensors into environment-protective enclosures. Many 
sensor materials are hygroscopic or highly sensitive to oxidation, thus protection 
against environmental conditions, particularly humidity and oxygen, are necessary 
to extend the longevity of most sensors. Enclosures must also be light-tight to shield 
semiconductors from photocurrent effects and scintillator enclosures from noise. 

The steps and processes outlined above are just those to consider when manufac- 
turing a sensor. When a sensor is to then to be integrated into a radiation detection 
system, numerous other components need to be designed and incorporated into a 
detection system. Supply chain factors around microelectronics availability must 
also be accounted for (detector manufacturing has not been immune to the global 
supply chain issues of the early 2020’s). Finally, for a radiation detection system 
to be useful to an end user, the on-board algorithms must be reliable at interpreting 
the signals produced from radiation interactions into useful output. Discussion is 
next provided on the physics behind converting radiation signatures into output in a 
sensor, and examples of common materials used in detection systems. 


3 Scintillator Gamma-Ray Sensor Materials 


The majority of commercially available detection and identification technologies 
are based on scintillating compounds, which come in many forms from inorganic 
crystals to organic plastics. Scintillators are key in radiation detection applications 
where large area coverage is necessary. The distance that light can travel unimpeded 
in a scintillator is much greater than a charge can drift in a comparably sized 
semiconductor. Extremely large volume (>100,000 cm?) detection systems can 
therefore be economical when built with scintillators that scale well with size. 
Developing new scintillator materials that emit light on a very fast time scale 
(i.e. ps to ns), exhibit no phosphorescence, and feature high scintillation yields 
(>100,000 ph./MeV) continues to make scintillator research a thriving field within 
radiation detection science. 

Scintillator radiation detectors are referred to as indirect energy converters. A 
number of energy conversion mechanisms, and subsequent stages where energy loss 
occurs, take place before signals from interactions are produced. After energy froma 
gamma ray is transferred into a scintillator, at least five energy transfer or conversion 
mechanisms take place before a signal is produced at the output of the photodetector 
[10, 142]: 


1. Conversion of primary ionized electron(s) energy into secondary ionized 
electron-hole pairs in the lattice. 
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2. Efficiency of ionized electrons or holes entering scintillator centers (intrinsic or 
activator trap states) in the lattice. 

3. Quantum efficiency of the scintillation center undergoing a radiative transition 
and producing a scintillation photon. 

4. Collection efficiency of the scintillation photon being absorbed at the photode- 
tector vs. being reabsorbed in the lattice. 

5. The quantum efficiency of which scintillation light is converted to a photoelec- 
tron at the photodetector. 

6. (For photomultiplier tubes) The efficiency of the photocathode ejecting a photo- 
electron that is collected on the first dynode amplification stage. 


Considering how many stages are present in this conversion process, the fact 
that advanced scintillator materials can produce spectra with resolution as low 
as 2% is quite remarkable. Much of the ongoing R&D on scintillators focuses 
on reducing loss in these conversion processes. In addition, scintillator material 
engineering is most often applied to produce better light output, foster faster timing 
response, and tailor emission wavelengths to overlap with the absorption spectra of 
photodetectors. 

Many intrinsic properties impact the utility of scintillators in radiation detectors. 
First, a high light yield (photons/MeV) is necessary for the best spectral resolution 
limits. Luminosity in a material can be intrinsic or, more commonly, enabled 
by “activator” dopants. Enhancements to light yield via optical center activators 
are possible when lattice sites are available and suitable for the valence state of 
the engineered dopant. The two most common activators, Eu?+ and Ce**+, need 
lattice sites that can host the 3+ or 2+ valence state to enable scintillation [143]. 
Optical properties are then needed to provide complete transparency to light at the 
wavelength(s) at which scintillation photons are emitted. A large mean free path 
for emitted scintillation light is enabled by a minimizing mechanism for photon 
reabsorption and providing a refractive index that allows perfect reflection on non- 
photodetector surfaces. Finally, a fast decay of trapped charges from optical centers 
in the band gap is necessary to reduce dead time and pulse pileup. At a minimum, 
scintillators target a pulse width within 10 1s for sensor applications. 

Figure | presents an overview of the periodic table showing element selection 
considerations, based primarily upon the criteria presented by Cherepy et al. [16] 
and Derenzo et al. [144]. Elements in Fig. | that are unshaded are those that 
can be applied in scintillator design with the potential to grow useful compounds. 
Elements that are radioactive, have insufficiently low band gaps, do not form into 
compounds, do not grow easily, or are optically absorptive are not strong contenders 
for scintillator materials [16]. Factors such as toxicity and price are also important, 
but do not rule out promising sensor materials. 

Perhaps the most pervasive of materials seen in handheld detection and identifi- 
cation systems is Nal, a halide scintillator typically doped with ppm-levels of T1 to 
enhance its light output. Since its first application as a particle counter in the 1940s, 
Nal(Tl) has become a prevalent sensor material in the nuclear industry, and is often 
the performance benchmark against which emerging sensor materials are compared 
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Fig. 1 Periodic table mapping of the elements investigated for scintillating materials, based on 
the criteria in Cherepy et al. [16] and Derenzo et al. [144]. Compounds that present challenges that 
inhibit use in scintillating materials are highlighted. Elements that, when enriched, are incorporated 
into scintillators to enable neutron detection are also highlighted 


[145, 146]. With a typical resolution of 7-10% at 662 keV, Nal(T1) sensors provide 
the radioisotope detection capability in a majority of handheld detectors used in 
laboratory, environmental monitoring, and homeland security applications [46]. 
Nal(TI1) is neither impressive performance-wise, as dozens of other scintillators 
have better light emission and resolution, nor is it particularly robust, as it is 
notably hygroscopic and prone to fractures or cracking when mechanically or 
thermally shocked. Despite these drawbacks, Nal(T]) is inexpensive, relatively easy 
to grow in large volumes, and has a scintillation emission spectrum that couples 
well to bialkali PMTs and Si-based photodiodes. Other commercially available 
and deployed radiation detectors based on scintillation technology include LaBrs, 
CsI(T1), BigGe3012 (BGO), and plastic scintillators such as polyvinyltoluene (PVT) 
and polystyrene (PS) [46, 147]. 

Comprehensive review articles on emerging scintillator materials over the last 
decade have been provided by Dorenbos [148], Nikl et al. [149], Martin et 
al. [150], Dujardin et al. [151], Zhou et al. [152], and Hajagos et al. [153], 
and the book by Korzhik [154]. An online database comprised of hundreds of 
scintillators and their properties has also been developed by Derenzo et al. and 
is hosted at scintillator.lbl.gov [155]. Some key scintillator materials drawn from 
the forementioned reviews and databases are reported with their key properties in 
Table |. The presented compounds have greater reported luminosity than Nal(TD 
or are historically significant in radiation detection. Luminosity, energy resolution 
at 662 keV, and emission wavelength are reported. It should be noted that timing 
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Fig. 2, Luminosity plotted against the reported resolution of compounds from Table 1. Data shows 
the minimum reported resolution trends lower as the luminosity increases 


response is an equally important property; however, due to wide variations seen 
across literature on emerging compounds, it is excluded from the table. It is also 
worth noting that light yield is often extracted by comparison to commercial 
scintillators such as BGO or Nal(TI); these methods are prone to error based on 
the specific performance of the reference sensor. 

Figure 2 presents light output (in ph./MeV) against the minimum resolution 
reported by scintillating compounds in the LBNL database [155]. As expected, 
the average resolution improves (lower % value) as light output increases up to 
the range of ~80,000 ph./MeV. Above this point, reported light output continues to 
improve; however, the minimum reported resolution does not trend as anticipated. 
These results suggest that there remains room for significant improvements in the 
minimum achievable resolution in scintillating radiation sensors. In his review, 
Dorenbos poses that resolution of 1.5% is theoretically achievable in advanced 
scintillating materials with light output beyond 100,000 ph./MeV if high quantum 
efficiency overlap can be achieved between emission wavelength and photodetector 
absorption [148]. Figure 3 provides a comparison of spectra collected among the 
commercially available scintillator materials Nal(Tl), CsI(Tl), and LaBr3(Ce), to 
emerging scintillator compounds with high resolution such as SrI,(Eu), KBagls, 
and CsBagI5(Eu). 

A number of solid-state neutron-detecting scintillators based on °Li have seen 
focused development over the past decade to reduce dependence on *He in times 
of market shortages. Recently, scintillating compounds with the elpasolite crystal 
structure generated significant interest as dual gamma and neutron detection sensors 
[157]. Isotopes with high neutron absorption cross sections, typically °Li, or !°’Gd, 
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Fig. 3. Comparison of the spectral response to !37Cs among commercially available (top row) and 
emerging high-performance scintillator materials (bottom row). Spectra from !37Cs are presented 
as measured by (a) Nal(Tl) (commercial spectrometer, 2” x 2” sensor), (b) CsI(TI) (commercial 
spectrometer, 0.5” x 2” sensor), (ec) LaBr3(Ce) (commercial spectrometer, 1.5” x 1.5” sensor), (d) 
LaBr3(Ce,Sr). (From Ref. [156]), (e) KBazIs. (From Ref. [32]), and (f) CsBazI5(Eu). (From Ref. 
[20]). Images reused used with permissions 


are integrated into scintillators where pulse shape discrimination methods are 
then employed to determine if interaction origins come from gamma or neutron 
radiation [158]. The most prevalent inorganic scintillator with dual gamma and 
neutron detection capabilities is the elpasolite material Cs7®LiYCl¢(Ce), known 
as CLYC. Personal radiation detectors comprised of small ~5 cm? CLYC crystals 
have recently entered the market [159]. Apart from CLYC, other dual gamma and 
neutron detecting scintillators include the Ce-doped elpasolites such as Cs2°LiLaCl¢ 
(CLLO), Cs>°LiLaBreg (CLLB), and Cs7°LiYBr6 (CLYB). Commercially available 
neutron detectors have also recently emerged based on pulse shape discrimination 
in common halides such, as Nal(Tl), doped with high neutron interacting isotopes 
[160]. When Nal(Tl) is co-doped with Li, “NaIL” sensors have been shown to 
have comparable neutron detection efficiency to CLYC without sacrificing much 
reduction in light yield or resolution [161, 162]. 

To overcome the size scaling difficulties associated with crystal growth, the 
largest sensors utilized in radiation detectors are not crystalline materials but 
amorphous plastics, and are typically produced by casting or extrusion methods 
[163]. Plastic compounds used for radiation detection are comprised of a polymer 
matrix base, typically polyvinyltoluene (PVT) or polystyrene (PS), in which soluble 
flour compounds are added to promote the generation of light upon radiation 
interaction. Due to the low wavelengths of emission typically seen in plastic 
scintillators, additional soluble wavelength-shifting compounds can be added to 
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vary the emission wavelength (typically as a redshift) to wavelengths more easily 
absorbed by a photodetector [164]. The most widely implemented plastic scintillator 
is PVT, which serves as the sensor component of radiation portal monitoring (RPM) 
systems deployed at borders across the world. Economical and large scale PVT 
formulations have relatively low light output of ~6500 ph./MeV and do not produce 
spectra with discernable photopeaks due to the low Zer¢ of the compound [165]. 
Despite this, PVT can be produced in large volumes that make it particularly 
attractive for large volume detection applications. For context, a typical RPM system 
can contain ~100,000 cm? of PVT sensor volume. Apart from low spectroscopic 
quality, a key drawback in PVT is the tendency for moisture-induced defects, known 
as “fogging”, to reduce the opacity of the material over years of thermal cycling in 
operational environments [166, 167]. 


4 Semiconductor Gamma-Ray Sensor Materials 


The second major class of gamma-ray sensors, semiconductor detectors, are direct 
energy converters that innately produce higher resolution signals than scintillators. 
A large number of electron/hole pairs are generated when gamma rays ionize 
the atoms within semiconductors. This provides good resolution in photopeaks 
within the resulting gamma-ray spectra, and enables them to identify and char- 
acterize sources at farther standoff distances and shorter measurement times than 
equivalently sized scintillators. Additionally, unlike scintillators, there are not a 
large number of resolution-reducing conversion processes necessary to produce the 
signals that make up a spectrum. The resolution of a semiconductor instead depends 
on the Poisson statistics behind the generation of e~/h* pairs, material properties 
intrinsic to the sensor, and the manner in which electronics shape the signal [46]. 
One of the drawbacks in semiconducting sensor materials is that they are highly 
sensitive to atomic-scale phenomena that quench charges generated in radiation 
interactions. A good response to radiation in a semiconductor therefore depends 
on defect tolerant crystal structures, thermodynamically stable lattices, chemical 
and structural stability, and, most importantly, electronic properties that enable 
stable charge generation and collection across operating temperatures. High material 
purity is more important in semiconductor sensors than in scintillators; impurity 
concentrations of just a few billion atoms per cubic centimeter can significantly 
impact the charge transport of electrons and holes. As ionized charge carriers 
drift through the lattice after a gamma-ray interaction, they can become trapped 
at electronic states within the band gap that arise from the presence of defects 
or impurities. Optimization of material properties at the atomic scale is therefore 
crucial for most semiconductor sensors. For a semiconducting compound to perform 
well as a radiation sensor it must also exhibit electronic properties that enable the 
detection of ionization-induced charges on the order of fC to pC. The properties 
that enable this are determined by the electronic structure and the band gap of 
the compound: high resistivity (at least 10° Q-cm), electron-hole pair creation 
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energies that approach the value of the band gap, and charge carrier mobilities 
and lifetimes that enable optimum charge collection efficiency (mobility-lifetime 
product of at least 10~> cm?/V-s). Schlesinger et al. lay out at least six key properties 
for semiconductors to be capable radiation detectors [168]: 


1. Adequate electron density to support high stopping power and interaction rates 
between sensor matter and gamma radiation. 

2. A band gap in the “sweet spot” that is low enough to promote a high number 
of electron-hole ionization pairs upon interactions, but not also large enough to 
ensure high resistivity and low leakage current. 

3. High intrinsic mobility-lifetime product, such that the charge carrier drift length 
is far larger than the detector thickness. 

4. Single crystal phases with low impurity concentrations and few intrinsic lattice 
defects or trap states. 

5. Compatibility with electrode metals such that space charge buildup and polariza- 
tion effects are eliminated. 

6. High surface resistivity to prevent shunt current across detector surfaces and 
ensure electric field lines are not perturbed at surfaces. 


Similar to scintillators, Se, Br, Te, and I are commonly selected as the high-Z 
anions and are paired with elements that produce to semiconducting characteristics 
when bonded. Like Fig. 1, in Fig. 4 the elements commonly selected (and avoided) 
for semiconductor gamma-ray sensors are presented. The main considerations 
in semiconductor element selection are pairs of anions and cations that provide 
compounds with band gaps suitable for sensor application, which is typically limited 
to between 1.5 and 2.5 eV. Many of the same critera for scintillator element 
selection apply to semiconductors. Elements that are radioactive, have insufficiently 
high or low band gaps, do not form into compounds, or do not grow easily. Of 
note, few lanthanide elements have been shown to be incorporated into feasible 
semiconducting materials. 

The most obvious contenders for semiconducting gamma-ray sensors are the 
most utilized semiconducting materials worldwide: Si and Ge. Si is one of the 
most ubiquitous and developed materials in the modern world and is found in 
nearly every electronic device worldwide. The attractiveness of using Si as a 
radiation sensor comes from its excellent electronic transport properties, such as 
its 3.62 eV pair creation energy, electron mobility of 1350 cm?/V-s, and hole 
mobility of 480 cm?/V-s at 300 K [46]. Unfortunately, Si is prevented from serving 
viably in most gamma radiation detectors due to its moderately low stopping 
power, and the high leakage currents that stem from its 1.12 eV band gap at 
room temperature. Si therefore is most often used in X-ray detection systems, 
and typically operates at cryogenic temperatures to increase its band gap and 
resistivity. Germanium, which has a greater atomic number and density, has instead 
arisen as one of the most widely used sensors in laboratory gamma-ray detection 
applications. Reducing impurity concentrations to the order of 10!° atoms/cm? and 
cooling the crystal with liquid nitrogen enables Ge detectors to serve as the world’s 
highest resolution semiconductor sensor for gamma-ray spectrometers. Currently, 
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Fig. 4 Periodic table mapping the elements frequently incorporated into semiconductor materials. 
Compounds that present challenges that inhibit use in semiconducting materials are highlighted 


high purity germanium (HPGe) detectors are the industry performance benchmark 
for spectroscopy due HPGe’s ability to produce spectra with photopeak resolution 
below 0.8% over a large range of energies [169]. 

Due to their intrinsically low 0.67 eV room temperature band gap, the Ge 
crystals in HPGe spectrometers must be cooled to liquid nitrogen temperature 
(~80 K) in order to operate as a gamma-ray sensor. Without sufficient cooling, 
thermal phonons in the Ge create too high of an electron density in the conduction 
bands to distinguish signal from noise. Cooling HPGe spectrometers most often 
requires liquid nitrogen reservoirs or electromechanical coolers that add weight and 
power draw to detectors. Because of this, many semiconductors with larger band 
gaps have come under investigation as candidate materials for room temperature 
semiconductor detectors (RTSDs). 

RTSDs remain a R&D focus in detection science because they can generate 
theoretically higher resolution spectra than comparably sized scintillators at ambient 
operating temperatures. Many semiconductors with sufficient band gaps have come 
under investigation as candidate materials for radiation sensors. Despite the number 
of requirements for materials to serve effectively as RTSD sensors, new promising 
compounds are frequently discovered. Within the last decade, review articles on 
RTSD sensor materials have been written by McGregor [170], Owens [137], Luke 
[171], Sellin [172], Zaletin [81], and Johns [138], as well as the books by Owens 
[64], Awadalla [173], and Iniewski [174]. 

The highest technology-readiness level RTSD compounds are currently CdZnTe 
(CZT), TIBr, and HgIz. Among these, CdTe and CdZnTe (CZT) are the forefront 
RTSD sensor materials and currently are the only RTSD compounds found widely 
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Fig. 5 Examples of sub-1% spectral resolution at 662 keV achieved from commercial HPGe and 
CZT sensors 


among commercial detection systems. CZT in particular is the performance bench- 
mark RTSD compound against which emerging sensor materials are compared. CZT 
is CdTe alloyed with <15% Zn to increase the band gap and prevent polarization 
effects from occurring after long periods under bias [175]. CZT features a band gap 
around 1.57 eV (for 10% Zn-doped), is the industry standard RSTD material [176]. 
With modern charge sensing and depth of interaction correction techniques, it is 
possible for CZT to exhibit photopeak resolution well below 1% at 662 keV [177- 
179]. Figure 5 provides a comparison between HPGE and CZT spectra obtained 
from commercially available spectrometers. 

TIBr and Hgl» are other sensors materials widely seen in RTSDs. TIBr has 
density is among the highest of RTSD candidates at 7.56 g/cm®, and its band gap of 
2.56 eV maximizes resistivity at the cost of a slightly higher pair creation energy. 
One of the historical drawbacks of TIBr is polarization that leads to the degeneration 
of electronic performance after extended periods under bias [180]; however, by 
engineering the crystals with Tl contacts, this issue has been solved [181]. Today, 
both pixelated [182] and capacitive Frisch grid detectors [183] have demonstrated 
resolution <1% at 662 keV. Likewise, HgI> has been honed into a quality RTSD 
gamma-ray sensor. HgI» originally proved challenging due to the hole (11) product 
lagging orders of magnitude behind that of electrons. Modern techniques that 
allow spectra to be reconstructed from single charge carrier interactions have 
demonstrated remarkable resolution in HgI. Resolution of 1.55% at 662 keV has 
been demonstrated from collecting charge from pixelated anode electrodes and 
performing depth correction on interaction signals [184]. 

CZT, Hglz, and T1Br each experience a problem common to RTSD sensors: 
transport characteristics of one charge carrier (electron or hole) are dominant 
relative to the other. Equation (1) shows how induced charge, Qinduced, 18 generated 
on an electrode after radiation interaction in a semiconductor. Change in weighing 
potential, Y, experienced by electrons and holes with individual charge q, induces 
charge on the anode and cathode as carriers travel from the interaction position 
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(x1) to the anode (xq) or cathode (xc). When a single carrier is unable to transit 
effectively through the semiconductor, the induced charge on the electrode is 
reduced proportional to the weighing potential change not experienced by the 
electron or hole. 


Qinducea = 4 LW (x1) — ¥ (Xc)] — ta lv a) — ¥ ODI, (1) 
holes electrons 


To compensate for charge collection loss effects, single polarity charge sensing 
techniques are commonly used to improve resolution in RTSD spectrometers. These 
techniques incorporate an electrode design that allows the majority charge carrier 
to experience a change in its weighing potential much greater than the minority 
charge carrier. The most common single polarity charge sensing techniques are pixel 
electrode grids and Frisch collars [185, 186]. That enable the majority carrier to 
experience the most change in weighing potential. Application of these techniques 
create weighing potential distributions where nearly all the induced charge is due to 
the majority carrier, thereby improving overall spectral resolution. 


5 Perovskites 


Over at least the last half-decade, interest in a particular class of materials 
for radiation detection has expanded significantly. These materials, perovskites, 
are already the focus of several review articles that summarize their promising 
properties for both scintillator and semiconductor radiation detectors [187-190]. 
Perovskites are materials with the structure ABX3 where ‘A’ is an anion, ‘C’ is 
a cation, and ‘X’ is another anion that bonds to ‘A’ and ‘B’. These materials 
primarily come in two flavors as all-inorganic or organic-inorganic hybrid materials. 
The draw toward perovskite-based compounds comes from the ease of their 
growth routes and the excellent charge transport properties that they can exhibit as 
semiconductor radiation sensors. Rather than expending the time and energy needed 
to produce single crystals in a furnace, perovskites can be grown in a fraction of 
the time through crystallization in solution. A review of the perovskite solution 
crystallization methods, often which occur from room temperature to 100 °C, is 
provided by Jung et al. [191]. 

Many organic-inorganic hybrids and halide perovskites have recently gained 
attention from their impressive performance as thin film photovoltaics and have seen 
interest and development as X-ray detectors. Toward gamma radiation detection 
applications, many research groups have made efforts to transition these materials 
from thin films to thicker bulk crystals needed for absorbing higher energy photons. 
Perovskite material development within the last few years has culminated in 
several compounds that have produced promising responses to radiation as both 
indirect (scintillation) and direct (semiconductor) applications. Zhou et al., Liu 
et al., and references therein summarize to date a majority of the scintillating 
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Fig. 7 Semiconductor perovskite materials: (a) °’Co spectra from an organic-inorganic hybrid 
CH3NH3PbI3 sample [130], and (b) depth-corrected 1375 spectra from an all-inorganic CsPbBr3 
perovskite [196]. Images reused used with permissions 


and semiconducting perovskite compounds [152, 192]. Figures 6 and 7 showcase 
some spectra obtained from perovskite-based compounds as both scintillators and 
semiconductors. 
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6 Conclusions 


Throughout the radiation detection industry, significant R&D and engineering effort 
continues to focus on identifying new materials with better properties for radiation 
detection, then scaling those materials so they can be produced into sensors with 
large physical sizes. Identifying new compounds with better intrinsic properties for 
radiation detectors, and then growing those materials to scales with good extrinsic 
properties requires significant investment. As new sensors continuously emerge 
with better properties than existing sensors, manufacturers can be understandably 
reluctant to take on the significant costs it takes to build or rebuild a production 
chain around a new material. There is significant risk and effort involved in pursuing 
new materials with improved performance figures of merit over established sensors 
and the technologies built around them. 

Several compounds show tremendous promise as radiation detectors that have 
improved light yields, charge transport properties, and overall better detection 
response than conventionally used sensors. Many of these materials also show 
promise not only in their detection properties, but also in their scalability and 
potential for low-cost manufacturing. It is likely that within the next decade, some 
of these emerging materials, particularly perovskites, will begin to see adoption into 
commercial radiation detectors. 
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Metascintillators for Ultra-Fast Gamma ®) 
Detectors Cheek for 


Georgios Konstantinou 


1 Introduction 


1.1 Time-of-Flight 


While the demand for positron emission tomography (PET) examinations is increas- 
ing [1], the techno-economical, engineering and physical limitations of the process 
are restricting the offer of new devices. For this reason, PET instrumentation and 
image reconstruction developments are very active fields in the last years, offering 
new solutions in both hardware and software. These have resulted in significant 
improvements in system effective sensitivity [2, 3]. On a clinical level, improved 
effective sensitivity is translated to shorter examination time, lower radiotracer dose, 
and general boost of the image quality as measured through the signal-to-noise ratio 
(SNR). 

Improving the timing of the detectors, for instance by developing gamma 
detectors based on faster scintillators, increases the effective sensitivity [4]. This 
is due to the possibility of adding time-of-flight (TOF) information on each event 
characterization. TOF corresponds to the time photons need from the electron- 
positron annihilation event until they reach the detector. TOF adds longitudinal 
information to the traditional line of response (LOR), allowing more precise 
localization of the spatial origin of the coincidence gamma pair. In particular, the 
time difference (At) between the two recorded timestamps of a coincidence pair 
corresponds to a Ax distance according to Eq. (1) [5]: 
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(1) 


where c is the speed of light in vacuum. Having access to TOF information reduces 
the effective number of resolution elements, thus improving the statistical properties 
of the PET image and leading to a better SNR for the same amount of gamma 
captures and acquisition time, as quantified in Eq. (2): 


SNRror | D | 2D ) 

SNRprr V Ax VcAt @) 
where D is the diameter of the object to be imaged. Coincidence timing resolution 
(CTR) in the range of 200 ps FWHM, the current state of the art for commercial 
designs set by the Siemens Biograph Vision [6], leads to 3 cm position uncertainty 
in the longitudinal direction. In this case, in a human brain with 20 cm diameter, 
the TOF SNR improvement is close to a factor 2.5. A CTR of 10 ps leads to 
1.5 mm TOF information, corresponding to an improvement of 11.5. This spatial 
TOF resolution approaches the physical limit of positron range [7] and is similar to 
the standard voxel dimensions of existing scanners. This might allow for virtually 
reconstruction-less acquisitions and a quantum leap in effective sensitivity [8], 
leading to an important reduction of radiotracer dose and examination duration. 
With such coincidence timing and corresponding sensitivity improvement, PET 
technology gains an unprecedented advantage in the fields of molecular imaging 
and theranostics [9]. 


1.2. PET Detectors 


The standard gamma detector block in a PET scanner includes some conversions to 
bring the information of gamma detection to a digital format. The first conversion 
is based on the physical process of scintillation. This is the characteristic property 
of particular materials able of capturing an incoming high energy gamma-ray and 
release part of its energy in a shower of lower energy optical photons. These 
scintillation photons are consequently detected by photosensors such as silicon 
photomultipliers (SiPMs), capable of producing a measurable electric signal. This 
signal is then digitized, allowing the registration of the main characteristics of the 
optical shower, such as the time of arrival and number of collected optical photons. 

In sum, the timing resolution of the detector corresponds to the certainty 
on the value of a measured timestamp and is calculated through the statistical 
characteristics of a significant population of gamma detections. It is a combination 
of the timing resolutions of all the aforementioned conversions. For TOF to be 
included in these detectors, all conversions have to be made in a time-critical 
manner. Today, very fast SiPMs [10] can be read out by sub-10 ps time-to-digital 
converters (TDCs) [11]. These advances have a high technological readiness level, 
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meaning that they can soon be deployable in an industrial scale. As such, the 
bottleneck in the quest for ultra-fast gamma detectors is the physical process of 
scintillation, which depends significantly on the type of scintillator. 


1.3 Scintillation 


Scintillation is the process in which a material converts the energy of an incident 
particle (UV, X-ray or y-ray) into a number of photons of much lower energy, 
in the visible or near-visible range, which can be easily detected with current 
photomultipliers, photodiodes or avalanche photodiodes [12]. Two main categories 
of such materials exist, namely organic and inorganic, with distinct conversion 
mechanisms. Nevertheless, any material containing luminescent centers which are 
activated by the incoming ionization radiation is a scintillator. The time function 
of optical photon production through this multi-step process is accurately modeled 
through the bi-exponential model shown in Eq. (3), where E is the gamma energy, 
LY seine the light yield and T,jse and Tgecay correspond to rise and decay times, 
respectively [13]. 


E X LY sj =e rs 
fscint (t) = Se (<%= _ ewe ) (3) 


Tdecay — Trise 


1.4 Scintillators 


Due to its advantageous optical photon generation kinetics, lutetium-ytrium oxide 
(LYSO) has replaced bismuth germanium oxide (BGO) as the industry standard 
since its creation. They are both inorganic scintillators, LYSO and BGO. Due 
to their high effective atomic number (high-Z) and density, which results in a 
high photoelectric cross-section and stopping power for the 511 keV annihilation 
photons, they are well suited for PET. In the bi-exponential model of Eq. (3), LYSO 
exhibits a very rapid response with a rising exponential of 74 ps and a decay one 
of around 40 ns, as well as a robust light production of about 32,000 per MeV and 
no self-absorption for the emission wavelengths. All of these elements enhance the 
LYSO-based detectors’ timing capabilities [14]. There are still many scintillation 
materials available that could be used for TOF PET [8]. Barium Fluoride (BaF2), 
another compound in the inorganic realm, has the ability to emit light using a variety 
of scintillation mechanisms, which results in a more complicated photon emission 
equation [15]. Through cross-luminescence, its quick decay component, which only 
lasts 600-800 ps, it generates around 1800 optical photons per MeV in the VUV 
range. Although this material has longer attenuation length than LYSO, it can 
provide better timing. It should be noted that scintillator costs are influenced by the 
expenses of their commercial distribution and manufacturing processes. As a result, 
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LYSO is substantially more expensive as a raw material than other scintillators like 
BGO and BaF. 

As mentioned earlier, scintillators include more materials, even beyond the realm 
of inorganic crystals. In particular, plastic scintillators, produced commercially by 
various companies in patented designs provide fast kinetics with sufficient light 
yield [16]. As an example, Eljen’s EJ232 produces 8400 optical photons with 
a 350 ps rise and 1.4 ns decay times, respectively. Such components are not 
more broadly used for the TOF PET application due to their low density and 
corresponding low stopping power. In spite of that, a whole-body PET design 
exclusively based on plastic scintillators has been developed [17]. This design 
compensates its low detection efficiency with an accurate TOF resolution of 266 ps, 
and a very long axial field-of-view (FoV). Plastic scintillators are generally easier 
to produce and machine, coming thus with a reduced cost. 

Other materials that are hopeful for TOF applications in PET correspond to com- 
pounds that have a particular structure on the nano-scale. Such are quantum dots and 
nano-platelets such as Cadmium Selenide (CdSe). Similarly, modern developments 
of perovskite scintillators could lead to improved scintillating characteristics, even 
though these compounds are still in the research phase and often require particular 
conditions such as very low temperature [18]. 

A straight-forward way to improve stopping power of a detector exists and corre- 
sponds to using thicker scintillators. However, in that case, there are more possible 
paths for a photon to travel before reaching the photon detector and important depth- 
of-interaction dependency of timing, leading to increased time variance of detection 
[19]. This uncertainty is detrimental for fast timing on picosecond scale. This is 
clearly demonstrated by the estimation of the statistical lower bound, calculated 
through the Cramér-Rao method [20]. This statistical measure corresponds to the 
number of photons that have to be detected within a given time in order to provide 
enough information for specifying the time of a scintillation event. In short, the 
trade-off between detector material, elementary detector size and timing resolution 
seems to be unbreakable with conventional scintillator solutions. In this chapter, 
we introduce the novel concept of metascintillators, which intends to address this 
trade-off. 


1.5 Definition of Metascintillators 


“Meta” is an ancient Greek word that entered scientific nomenclature through Latin 
as “beyond”, “with” or “after” [21]. With this in mind, metamaterials as a term 
was introduced in material science by the physicist Victor Veselago in 1968 for 
the particular application of materials with negative refraction index [22]. Since 
then, this definition has been broadened to include any synthetic composite material 
that has a structure that causes it to have characteristics that are unusual for 
natural materials [23]. In the context of scintillators, the composite topologies of 
scintillating and light-guiding materials arranged to produce a synergistic effect at 
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some stage of the scintillation process, from gamma absorption to light detection, 
and combining thus the advantageous physical characteristics of their constituent 
parts, could be thus referred to as meta-scintillators [24]. The work being done in 
this regard aims to provide the groundwork for future advancements that could 
eventually result in TOF PET with adequate gamma detection efficiency and a 
timing resolution of 10 ps in the next years [25]. 

Photoelectric absorption and Compton scattering are the two primary electro- 
magnetic interaction mechanisms that are important for PET instrumentation. A 
recoil electron is created at the start of the gamma interaction in both scenarios. 
Along its entire route, the recoil electron interacts with the scintillator, losing 
energy through a dE/dx process that creates electrons and holes; these can either 
directly excite the luminescent centers or join together to form so-called excitons. 
The excitons can be confined by luminescent centers or impurities or can combine 
directly in a radiative manner. The intrinsic properties of the scintillating medium, 
particularly its density, determine the recoil electron’s travel range. The recoil 
electron range for dense inorganic scintillators is up to around 400 jm. 

Having various scintillators share the energy of a gamma interaction is one 
technique to combine their advantageous traits. In theory, there is no mechanism 
that would constrain the recoil electron to a specific medium. This means that 
various scintillating materials can share the optical photon production associated 
with a single interaction annihilation gamma, if they are placed close together. 
Therefore, it is conceivable to build a geometrical topology that brings fast optical 
photon emitters, providing significant initial photon density, close enough to use a 
high-Z material and benefit from its stopping power. Precisely this combination of 
a high-Z host and a rapid emitter design forms the first generation of composite 
heterostructures. The materials are sliced into laminas with thicknesses below 
the recoil electron range and are positioned in geometrically periodic alternating 
positions (Fig. 1). 


Fig. 1 First-generation 
metascintillator conceptual 
design, demonstrating the 
process of energy being 
leaked into the fast material 
for gamma interactions taking 
place in the dense, high-Z 
material through the 
simulated range of the recoil 
electron 


Incoming 
Gamma 


—+ Photons with high-Z 
material kinetics 
* Photons with fast 
material kinetics 
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It has to be noted that the topology of a Shashlik calorimeter [26] bears 
some similarity to the metascintillators, to such extent that it can be considered 
a predecessor. Those are structures where a heavy non-scintillating material such 
as lead, is placed in close proximity to plastic scintillators, taking advantage of 
the same synergistic mechanism of recoil electron gradual energy loss. However, 
the significant difference is that by using two scintillating materials, instead of a 
heavy non scintillating one, the energy resolution, a significant aspect in the PET 
application, can potentially remain as good as the worse of the two materials. 


2 Metascintillators: Review of State of the Art 


2.1 First Generation Heterostructure Metascintillators 


Proof-of-concept findings for this straightforward strategy have been tested and 
published in [27]. In this publication, tests with both LYSO and BGO for their 
high-Z and the BC-422 plastic (Saint Gobain, France) as fast emitter are presented. 
Timing features of this plastic are comparable to those of the EJ232. Eight pairs 
of 3 x 3 x 0.25 mm? BC-422 and 3 x 3 x 0.2 mm? dense hosts were combined 
to create a so-called metapixel, which had a final size of 3 x 3 x 3.6 mm? (Fig. 
2, left). The majority of interactions had some energy leaking out of the pixel, as 
would be expected for a pixel of such a small size and with such a high proportion 
of light material (Fig. 2, center). The remaining interactions, however, showed a 
specific proportion of events that were shared by the two materials, offering the first 
proof-of-concept for metascintillators. 

Given that the light yields for BGO and BC-422 are comparable, measuring the 
pulse amplitude and the integral of the first 200 ps allows one to determine the 
degree of energy sharing. This is shown in Fig. 2, right, as a continuous form of 
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Fig. 2 (Left) Picture of a BGO-BC422 metascintillator pixel; (center) BGO-BC422 and LYSO- 
BC422 interaction percentages; and (right) event distribution in a plot of 200 ns integral over 
maximum pulse amplitude. For events with faster rise time, occurring due to event energy sharing. 
(Figures taken from Ref. [24]) 
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energy sharing that ranges from interactions that are exclusively BGO-based, which 
make up the majority, to a lesser number of interactions that mostly involve the 
plastic scintillator. The type of sharing is crucial since it is important to understand 
which scintillation process generated the photons in order to accurately detect the 
timing of such a meta-structure. By doing so, the timing reconstruction algorithm 
will be able to more precisely predict the scintillation event beginning, thereby 
enhancing the CTR, in addition to taking into account information from other 
sources, such as time-walk [28]. 

Such knowledge is used in [27] to compute the timing of various locations’ 
energy sharing. The detector time resolution of BGO events is 120 ps FWHM, 
whereas the resolution of events with a higher proportion of the fast emitter is as 
low as 40 ps FWHM. The first instance of energy sharing was demonstrated via this 
proof-of-concept, nonetheless with a very small pixel. The final specifications of 
metascintillators can be greatly influenced by pixel dimensions, material combina- 
tions, slab surface treatment, and light collection. 

The first generation of metascintillators is being studied extensively with the 
purpose of developing commercially deployable solutions, with primary application 
in TOF PET [29-31]. In these works, the main concern is using crystals of sizes that 
ensure sufficient stopping power to be complemented by the added TOF sensitivity 
from including a fast scintillator. While BGO and BC422 or EJ232 are the main 
target at this stage, as the commercially relevant purpose here is to achieve CTR 
values similar to LYSO, other combinations are also tried. In particular, BaF 
is considered as a potential fast emitter with some stopping power that doesn’t 
compromise the general sensitivity of the detector. As described in [30], this can 
be achieved through different orientations of the scintillating components relative 
to the impinging gammas, different ratio of slow and fast materials and different 
detector lengths. In [31], with the application of timewalk correction, a combination 
of BGO with EJ232 at a ratio of 3:1 achieves 204 ps CTR, with an ultrafast subset 
of ~10% of the fastest events below 100 ps, while the combination of BGO with 
BaF at a ratio of 1:1 achieves 241 ps CTR, with the ultrafast subset of ~10% of the 
fastest events at 108 ps. 

The addition of various novel elements, including nanocrystals, can enhance 
this scheme even further. For this reason, we consider the first generation of 
metascintillators to be heralded with these works, corresponding to scintillating 
heterostructures that are composed of materials that are also used standalone in 
commonly deployed detectors. 


2.2 Nanocrystal Based Metascintillators 


To improve their timing qualities, metascintillators can use any scintillating method. 
Because of quantum confinement, nanocrystals in particular demonstrate exception- 
ally fast scintillation characteristics if their size is less than the exciton’s Bohr radius 
(10 nm). When made as nanoplatelets, which confine the excitons to one direction 
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Fig. 3 (a) Microscope image of CdSe nanoplatelets in polysterene; (b) emitted photon wavelength 
distribution for compounds with different crown densities. (c) Photoluminescence and (e) radi- 
oluminescence time-resolved spectra of a CdSe/CdS drop-casted film deposited on a LYSO:Ce 
substrate as readout by a Hamamatsu streak camera; (d) comparison of photoluminescence 
(green), radioluminescence (red) and LYSO emission (blue) wavelengths, integrated over the first 
nanosecond; and (f) time-resolved CdSe/CdS core-crown radioluminescence integrated from 200- 


800 nm as measured with a hybrid PMT in time correlated single photon counting mode. (Figures 
taken from Ref. [26]) 


only and enable even quicker multi-exciton recombinations, CdSe nanocrystals 
stand out for their unmatched timing performance and other benefits [32]. They were 
one of the earliest direct band-gap semiconductor nanocrystals to be investigated 
for use in ultrafast timing detector applications. Potential candidates for a new 
generation of metascintillators, its red-shifted radioluminescence signal exhibits fast 
(20 ps) photon production and a sub-nanosecond pulse duration. However, due to 
inherent flaws such as strong self-absorption and the requirement of organic ligands 
for surface passivation and control of the luminescence and spatial distribution of 
nanoplatelets, their implementation as radiation detectors is extremely problematic, 
especially when considered for industrial application. 

In a metascintillator configuration, CdSe nanoplatelets have been examined 
[27], with a high-Z material (LYSO) serving as the dense host and supplying the 
high detection efficiency, as well light guiding. Fast photons are then produced 
by the excitons after they pass through the nanoplatelets. Specifically, drop- 
casted films made of CdSe/CdS core/crown nanoplatelets (Fig. 3a) embedded in 
polystyrene as a host matrix were investigated. In the first instance, an X-ray induced 
radioluminescence experiment used a streak camera (Hamamatsu Photonics, Japan) 
to evaluate the combination of produced light and its timing features (see Fig. 3b). 
The function of this method is that a sample’s light output is read out within a range 
of wavelengths with picosecond sampling, after being exposed to an X-ray. This 
gives researchers a previously unattainable grasp of the physical process and light 
production. The metastructure’s spectrum time-resolved characterization shows 
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how CdSe/CdS light is gathered in the first few hundred picoseconds following 
the start of the event. The timing properties of core/crown nanoplatelets drop-cast 
on LYSO are quite desirable, and this correlates to an incredibly quick, practically 
prompt, form of emission. 

Due to several factors, such as among others CdSe casing, concentration, and 
arrangement within the metascintillator, optimal CdSe application in a metacrystal 
heterostructure still has to be thoroughly explored. However, they are a strong 
candidate for the next generation of metascintillator-based detectors due to the 
powerful and ultra-fast pulse at a wavelength within the parameters of most current 
SiPMs. In this context, nano-elements such as these require at least a second optical 
or scintillating material to function. In the same time, they are not yet ready for 
industrial application. As such, these compounds do not belong to the first gener- 
ation described before, but introduce a second generation of metascintillators that 
is currently being researched, which corresponds to metascintillator structures with 
materials developed exclusively for heterostructure application and in consideration 
of its characteristics. 


2.3. Metamaterial Aspect of Metascintillators 


The unique property of electromagnetic metamaterials is often obtained by the 
constructive and destructive interference of incoming light after being scattered by 
a large number of periodic structurations. The wave model of light as well as the 
Maxwell equations, as opposed to the particle model of photons, provide a more 
accurate representation of interactions as constituents’ sizes approach dimensions 
of the same order of magnitude as the light wavelength. Unusual characteristics can 
be found under these circumstances, as quantum effects play a prominent role; these 
include perfect anti-reflection at all angles, control over propagation direction and 
negative refractive index [33]. 

These optical phenomena could be able to address a number of inherent 
issues in scintillation sub-optimal light generation, propagation, and extraction. 
The degradation of time resolution on light detection is mostly caused by the 
isotropic nature of scintillation light and the high refractive index of the majority 
of scintillators. Effective light collection increases the statistical likelihood that fast 
photons will be detected, while light directionality lowers the variance of optical 
routes, improving single-detector temporal resolution even further. Such procedures 
lie under the purview of nano-photonics and nano-manufacturing, hence enhancing 
the multidisciplinary aspect of metascintillator research. Developed photonic crystal 
slabs are thin layers of dielectric that have had their permittivity or permeability 
periodically changed in order to produce desired light scattering effects. 

Prior research put a lot of emphasis on increasing light extraction efficiency 
[34]. Total internal reflection (TIR), which is the primary optical transmission 
mechanism, is made possible by the high refractive index of crystal scintillators 
in their emission spectrum. As a result, there is a low likelihood that photons will 
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Fig. 4 Initial photonic crystal slab approaches: precise shape and arrangement of the nano- 
structured slab (a), increases the photon extraction efficiency beyond geometrical expectations 
(b). (Figures taken from Ref. [28]). (c) microscopic image of the patterned polymer on the read 
out face of a sample; and (d) patterned sample with pattern facing up, showing diffraction colors. 
(Figure taken from Ref. [30]); and (e) experiment performed on the crystal depicted in (d): A green 
laser is used to simulate light, traveling inside the crystal and interacting with the PhC slab from 
the inside. Diffraction orders are generated at an angle dependent on the periodicity of the pattern. 
The image is shown in false color to increase contrast. (Figure taken from Ref. [29]) 


enter the extraction side of the scintillator, where a photosensor is positioned, at 
an angle that permits direct extraction, and a sizeable portion of photons—up to 
90% in the case of BGO—will be reflected back. The bulk of unextracted photons 
continue to move across the optical medium, which impairs timing resolution and 
increases the likelihood that they will be absorbed. This work showed that it is 
possible to adjust the pattern and enhance the light extraction by inserting one layer 
of photonic crystal slab between the scintillation crystal and the photon detector 
(Fig. 8). Simulations with a straightforward periodic pattern revealed that photons 
would be extracted directly for a substantially wider range of incoming angles. The 
event signal-to-noise ratio, energy resolution, and single-detector timing resolution 
may all be enhanced by avoiding TIR. 

This method was further researched using a laser-based experiment [35], in 
which a green laser is directed onto the extraction surface of a LYSO crystal that 
has a photonic slab laid on top of it (Fig. 4). This experiment simulates scintillation 
light and shows that depending on the properties of the photonic crystal slab pattern, 
diffraction orders are formed at higher angles than permitted by the Snell law. The 
development and testing of a set of scintillators that had a photonic crystal slab 
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added to their read-out side is shown in the same figure [36]. A single detector 
was used in the initial experiment, which used Cs-137’s 662 keV gamma radiation. 
Most importantly, coincidence studies were conducted using a dedicated setup. This 
experiment provided a proof-of-concept for more study and development in this area 
by showing a considerable improvement in both CTR (up to 57%) and light yield 
(up to 144%) (Fig. 4). 

In order to improve the effectiveness of the scintillator detector, the metastructure 
can therefore incorporate layers that shift the direction of light in a non-classical 
manner, introducing a metamaterial component to the notion of metascintillators. 
Nevertheless, energy sharing in metascintillators occurs from a different process 
than those effecting light propagation in metamaterials, hence the concept is not 
based on metamaterial behavior. Given the technology readiness level of such 
approaches, as well as the fact that these as well require functioning in tandem 
with some scintillating material, we consider them to also belong to the second 
generation of metascintillators. 


2.4 Metascintillator Signal Analysis 


One of the main concerns in the discussion on metascintillator applicability in 
commercial TOF-PET is the complication added by the addition of at least a second 
scintillating mechanism in the stack, with the addition of another stochasticity 
per event in the form of energy sharing. Indeed, Eq. (3), corresponding to the 
scintillation photon production time-series upon gamma absorption is now presented 
as the system (4), where indices fe correspond to the fast emitter, hz to the high-Z 
material and E,p, is the absorbed energy of interaction [31]: 


ErexLY =! = EnzxLY ast. get) 
Smetascint (t) = : a (« “fed —e@ "fer ) F = us ( "hed —e *) (4a) 
Tfed—Tfer Thzd —Thzr 


Efe a Enz = Eabs (4b) 


The amount of produced photons, or effective light yield (LY eectiye), is dependent 
on the ratio between Eye and Ep, according to Eq. (5): 


Efe 
Eng X LY ng + Efe X LY fe — EViz + He X LY fe 
LY ef fective S —= — (5) 
Enz + B fe 1+ 32 


This means that the standard approach of integrating the pulse over an integral win- 
dow significantly larger than the decay coefficient, which in the single scintillator 
readout provides a surrogate for the energy of interaction through the light yield, 
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Fig. 5 (Left) The simulation of a LYSO/EJ232 metascintillator pulse, demonstrating the variabil- 
ity caused by the extent of energy sharing, of different features such as maximum value (brown 
dashed line) and integral with different integration windows (yellow dashed line); and (right) 
zooming in the first half nanosecond, we observe similar variability for the rising slope of a 
BGO/BaF> metascintillator, again as a reference to the energy sharing 


in metascintillators is not sufficient. Instead, to calculate the absorbed energy, two 
energy surrogates are required. If we consider the pulse in Fig. 5, left, we see that an 
energy surrogate does not need be the standard integral of the full pulse; in contrast, 
any two measurements of any integration window integral, maximum voltage, 
rising slope or other pulse features can be used. With any two measurements, a 
system including the contributions of the independent scintillators can be solved, 
leading to calculation of energy of interaction and energy sharing. The choice of the 
best features depends on the metascintillator materials and their photon-emitting 
characteristics, but also on the specificities of the read-out. 

With the precise determination of energy sharing and interaction energy, it is 
possible to reconstruct a more accurate interaction energy spectrum [36]. In this 
example, a BGO-BaF) metapixel with original energy resolution at 511 keV around 
28%, uses energy sharing information to correct it down to 22%, close to the energy 
resolution of BGO (18%) and BaF, (21%), in the same electronics. If the light 
yield of the materials is too different, such as for instance in the case of LYSO 
(~35,000 photons per MeV) and EJ232 (8400 photons per MeV), this process is 
more complicated and prone to error. In contrast, if the light yield of the materials 
is very close, no energy correction is necessary. 

Another application of energy sharing is related to optimizing the estimation of 
gamma ray arrival, which can then significantly improve the detector’s CTR. Given 
that the events with more photons released through the fast emitter mechanism 
have a prompter response (Fig. 5, right), the addition of a time-walk correction, 
which can improve the time response of metascintillators most significantly can 
only be performed with precise understanding of energy sharing [31]. For the BGO- 
EJ232 metascintillator presented here, the original measurement of 280.1 ps is 
improved down to 204.7 ps. In this light, the data throughput can be expected 
to double, limiting the use of metascintillators for system level development. In 
reality, nevertheless, most modern ASIC-based readouts include at least two pulse 
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energy surrogates [37, 38], while the approach of double window integration can be 
performed in a single channel. Regardless of system level developments, the main 
notion of energy sharing is one that is relevant in any metascintillator context, in 
existing or future materials and designs. 


3 Future Perspectives 
3.1 Metascintillator System Level Application 


The choice of materials for subsequent testing should be influenced by the depen- 
dence of metascintillator energy sharing on geometrical properties, as well as 
the light guiding capabilities of the respective materials. This process starts with 
the simulation [39] of the recoil electron trajectory, and the estimation of the 
energy sharing distribution for different materials and dimensions [40]. This task is 
commonly performed with the use of GEANT4 or the relevant GATE software for 
Monte Carlo simulations [41]. For slab thicknesses ranging from 50 to 300 im, two 
alternative arrangements of slabs aligned in parallel or perpendicular to the gamma 
trajectory have been taken into consideration (Fig. 6a). Compared to the energy 
deposited in the fast emitter material, this likelihood follows a distribution with a 
positively skewed normal character, as depicted in Fig. 6b. Although the basic form 
of sharing is the same, variations in material and geometry somewhat change this 
shape’s average, deviation and skew. 

The effect of having a metascintillator with reduced stopping power due to the 
fast material is estimated through Monte Carlo simulations of a given TOF PET 
architecture, such as for instance a brain PET (Fig. 6c) [42]. To compensate for 
the reduced stopping power of metascintillator, a longer crystal is used, to match 
the sensitivity of state of the art scanners (Fig. 6d). The simulation considers 
a metascintillator array composed of pixels; such arrays are already constructed 
industrially (Fig. 6e). 

A potentially disruptive metascintillator architecture is the semi-monolithic 
metascintillator approach. This approach intends to convey the advantages of semi- 
monolithic readouts, where a crystal is read-out by several photodetectors allowing 
precise estimation of the depth-of-interaction [43], with the supreme timing of 
pixelated designs. As demonstrated in Fig. 6f, a design where the fast emitter is 
matched 1-to-1 to distinct photomultipliers, while the high-Z material is arranged in 
the semi-monolithic manner, simplifies the construction of metascintillators when 
compared to pixelated designs. On top of that, simulation has demonstrated that 
there is no effect to the timing resolution, while knowledge of the DOI allows 
improvement of the timing characteristics of this design [44]. The interplay between 
CTR, DOI and energy sharing is estimated through an iterative process to improve 
all specifications of the detector. With the application of neural networks on raw 
data, the elemental detector of this stack is a 3 x 3 x 3 mm? cube, allowing for 
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Fig. 6 (a) Possible orientations of metascintillator slabs compared to the direction of incoming 
gammas; (b) simulated energy sharing distribution for two LYSO/EJ232 geometrical scenarios, 
with 100/200 jm thicknesses(black line) and 100/100 «vm (gray line); (c) sensitivity curve for 
different metascintillator and reference scenarios, for a brain PET design (d) furnished with 
metascintillator pixels (e); and (f) simulation model of a semi-monolithic metascintillator detector 
head. Notice how the high-Z material (blue) is distributed over 8 SiPM, in contrast to the fast 
emitter (yellow) which is matched to a single SiPM to retain pixel level timing. (Figure a taken 
from Ref. [40], b from Ref. [24], c-e from Ref. [42], and f from Ref. [43]) 
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significant improvement of effective sensitivity, also through the reduction of voxel 
size in reconstruction. 


3.2 Cherenkov-Based Timing 


The method described above for evaluating scintillation-based detectors with 
variable timing resolution is applicable to all detector types where timing varies for 
each event. This is the case for detectors that characterize individual events in terms 
of timing based on the presence of Cherenkov photons. Cherenkov-based detectors 
produce photons at the picosecond scale following ionization [45], in contrast to 
metascintillators that use fast emitters for quicker photon production. 

Depending on the material’s refractive index, Cherenkov light emits primarily 
in the deep blue-VUV region of the spectrum. As the intensity of this emission is 
minimal, producing at most a few tens of photons, it is challenging to characterize 
its energy or position. Timing characterization is still conceivable, though. In fact, 
as a function of the quantity of photons detected, the short emission duration of 
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Cerenkov photons (approximately 10 ps) permits extremely accurate time resolution 
values for a portion of the recorded events. 

There have already been suggestions for hybrid Cherenkov-Scintillation detec- 
tors [46]. Additionally, there are three ways in which Cherenkov detection relates 
to the metascintillators. Similar to metascintillators, the stochastic change of the 
quantity of created and detected Cerenkov photons produces a distribution of time 
resolution for the events recorded [47]. Furthermore, metascintillators themselves, 
made of different materials with different refractive indices, can be created to 
produce Cherenkov with specific properties, leading to improved temporal charac- 
terization. Last but not least, the close proximity of materials with different optical 
properties in the metascintillator case allows for improved Cherenkov extraction 
from scintillators such as the BGO, that are good producers of Cherenkov photons 
but suffer from internal absorption, through BaF? or organic scintillators [48]. 


3.3 New Materials 


The highly fast scintillation kinetics of ZnO:Ga nanocrystals, with decay time com- 
ponents ranging from 40 to 350 ps, render them interesting for the metascintillator 
application. Various methods for integrating them in polystyrene host films have 
been explored. Hot pressing has been employed to create ZnO:Ga by combining the 
powder with polystyrene pellets and pressing the mixture at temperatures between 
100 and 200 °C [49], leading to a loading factor of up to 10% weight in transparent 
films. The loading factor is important since hosts such as polystyrene and polyvinyl 
toluene are non-scintillating substances with very low stopping powers, in contrast 
to the nanocrystals themselves. 

Halide perovskites stand out among a wide range of nanoscintillators for 
metascintillator integration because of their special characteristics [50]. When 
bromide vacancies in CsPbBr3 are filled with methylammonium, for example, 
mixed organic-inorganic perovskites also offer intriguing perspectives in terms 
of luminescence characteristics and surface passivation [51]. This increases the 
materials’ quantum yield, radiation hardness, and high temperature stability. Two 
approaches have been used for CsPbBr3. Firstly, the CsPbBr3 nanocrystals were 
added to a solution with polystyrene, after the polystyrene pellets had been dissolved 
in toluene [52]. By slowly evaporating toluene at room temperature, transparent 
films with weight loadings of 1%, 5%, and 10% have been produced. Another 
attempt corresponds to directly assessing the potential of perovskite nanocrystals 
as quick photon producers in metascintillators. In this context, layers of CsPbBr3 
nanocrystals were directly deposited on GAGG:Ce plates using two alternative spin- 
coating techniques (Fig. 7, left). 

The confinement of electrons and holes in multiple quantum wells with 
GaN/InGaN heterostructures, where they can radiatively recombine with a very high 
quantum efficiency, is another way to generate prompt photons in nanostructured 
systems (Fig. 7, center and right). A paradigm shift for PET applications, these are 
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Fig. 7 (Left) Demonstration of the effect of adding a CsPbBr3 layer on GGAG:Ce scintillator, as 
observed on the accumulation of pulses; notice the ultra-fast component at the beginning of the 
pulse, as well as the afterglow throughout the duration; (center) conceptual design and (right) high 
resolution microscopic image of a GaN/InGaN heterostructure. (Figures taken from Ref. [54]) 


measured to reach a light yield of 100,000 photons per MeV. Realizing a sufficient 
overall thickness for multiple quantum well systems is a significant technological 
problem. Up to 100 layers with a total thickness of 2 1m have been successfully 
deposited according to the state of the art on sapphire substrates [53]. 

These and more similar materials are developed and analyzed by several groups, 
as they can provide scintillating characteristics to improve detector timing resolu- 
tion. Such can allow the second generation of metascintillators described before, to 
reach industrial applicability, with sufficient stopping power and an effective time 
resolution below 50 ps. 


3.4 Light-Guiding with Photonic Crystal Slabs 


The photonic crystal elements presented earlier correspond to designs intended 
to facilitate the extraction of photons to the photodetector. However, the vast 
capabilities of new designs in Photonic crystal slabs (PhC) can be applied to 
support streamlining the transport of light over the length of the scintillator [54]. 
As the character of scintillator light, with isotropic directionality, random phase and 
polarization and variable wavelength provides significant challenges to photonic 
crystal slab design, only initial efforts have been performed in this direction. 
Electromagnetic simulations demonstrate that a leaky mode approach can guide part 
of the produced scintillation light (Fig. 8), reducing in this way the optical path but 
also the optical modes of propagation within the crystal, leading to improved timing 
resolution. 

What is even more interesting is designing PhC slabs made of scintillating 
material, such as nanoplatelets. In that case, the fast scintillator will be designed in 
such way that the light will be directly led towards extraction, providing capabilities 
of design such as inherent DOI encoding. A design of the sort would practically be 
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Fig. 8 (Left) Mechanism of leaky mode propagation on a designed photonic crystal slab, 
deposited on the surface of a LYSO crystal; and distribution of energy flux between a lateral 
and axial direction without (center) and (right) with a leaky mode favoring photonic crystal slab. 
(Images taken from Ref. [54]) 


a constructed opto-physical circuit with light wavelength or distribution-encoded 
information, in what will herald the third generation of metascintillators. Such 
characteristics, along with fast emission with photons confined in narrow optical 
paths around the PhC, will further improve the timing capabilities of such metascin- 
tillators with a potential within range of the target of 10 ps. 


3.5 Other Future Developments 


The application of machine learning and neural networks has shown recently 
significant results, interleaving timing and spatial information. The metascintillator 
signal has the increased complexity as well as including the stochastic quantity of 
energy sharing, another key factor affecting the timing resolution. Applying neural 
networks for improvements in energy resolution or custom time-walk corrections 
could further improve the timing, spatial and DOI behavior of metascintillator 
structures. 

Another objective is to bring down the price of all of the aforementioned 
paradigms through concept popularization and cooperation with system-level PET 
and scintillator development firms. The field of metascintillators may also benefit 
from the use of cutting-edge materials and techniques, such as sub-surface laser 
engraving processing [55], which could enhance timeliness and lower costs. 

The creation of a new set of PET image reconstruction techniques based on the 
accurate calculation of energy sharing and ensuing variable event timing is the 
ultimate goal of metascintillators. An initial strategy can simply classify events 
based on their energy content into timing groups and utilize those to establish 
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an exact number of resolution elements, increasing the TOF related sensitivity in 
the process. The size of the organ or subject being studied may directly influence 
how the events are binned, extracting the most information possible from timing 
variations. Another intriguing idea is to use a quick collection of events to direct 
reconstruction using new mathematical techniques like compressed sensing [56] or 
sparse matrix analysis [57]. 


4 Conclusions 


The quest for cutting-edge timing resolution in scintillation detectors is a multidis- 
ciplinary one that involves many different scientific and technological disciplines. 
Through integration of novel science and technology, metascintillators aim to 
break the technological deadlock caused by the trade-off between optical photon 
production and detection efficiency. The metascintillator technique can be the 
cornerstone of next designs that could potentially achieve the 10 ps CTR that the 
10 ps challenge [58] is aiming for, by using innovative materials, architectures, and 
read-out configurations. In order to improve scientific output and afterwards offer 
technology solutions to the critically significant medical concerns connected to PET 
applicability, the work is conducted in an atmosphere of openness and cooperation 
for the advancement of research and public health. 

While there seems to be an added element of complexity in merging two different 
materials in a metascintillator heterostructure, the added effect of a synergistic gain 
can lead to significant improvements in timing, without deterioration of energy res- 
olution and sensitivity of the detector. BGO-based Ist generation metascintillators 
have managed to replicate the behavior of state of the art LYSO crystals, with a 
significantly reduced cost of materials. Better understanding of the nature of energy 
sharing, and manipulation of the geometrical characteristics of metascintillators 
can lead to further improvements without added cost in material or complexity. 
Simulation is the most important tool in this quest, and it is possible that novel 
architectures, extending from the existing slab-sandwich geometry, could lead to 
better statistical characteristics of energy sharing. 

Further to the developed and tested Ist generation, different groups work for the 
research and development of 2nd generation metascintillators, implementing novel 
ultra-fast materials in heterostructures, or including photonic elements for better 
extraction and transportation of photons to the photodetector. A combination of the 
aforementioned can lead to the 3rd generation of metascintillators, a new paradigm 
of scintillation detector with potential to reach the goal of 10 ps coincidence timing 
resolution with enough stopping power to be applicable in medical scenarios. 

The dominance of LYSO has been stretching for more than 20 years now, 
and even though active research has been ongoing in the material direction, with 
significant interest from both the high energy physics and the medical community, 
no better material has been found yet. In the same time, electronics and photode- 
tectors keep improving, making the scintillator the bottleneck for the development 
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of detectors below 50 ps timing resolution. Unless new physics and new concepts, 
such as the ones described in this book, manage to produce system-level deployable 
gamma detectors in the next few years, it is expected that the metascintillator 
paradigm will be the one to integrate all the modern developments in various fields. 
This will lead these communities to better detecting capabilities, into new research 
and better healthcare, improving the standing of all humanity in relation to the 
inwards and outwards mysteries of the universe. 
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Yunyun Li and Yuntao Wu 


1 Introduction 


Scintillators, as the core element for nuclear radiation detector, have been widely 
used in applications such as medical imaging, homeland security, and industrial 
nondestructive inspection [1-4]. The scalability of scintillation materials to large 
volume is particularly demanded for radiation portal monitors in the field of 
homeland security [5-7]. Current used portal monitoring materials are dominated 
by plastic scintillators and Nal:T1 single crystal scintillators. Plastic scintillators 
are emerging as a highly promising class of materials due to their low cost (<1 
$/cm?), robustness, and ease of fabrication in large volumes [8-10]. In principle, 
efficient photoelectric effect is a prerequisite for gamma spectroscopy detection 
applications. And the photoelectric effect probability (Pp.) is estimated by rule of 
thumb proportional to a power of effective atomic number (Z,), roughly between 
Zeg and Zeff- Thus, Z.¢ has a decisive impact on the probability of photoelectron 
production. Thus, plastic scintillators toward high-energy gamma spectroscopy are 
limited by their low stopping power due to low effective atomic number (Z.y ~ 4-5) 
[11]. Hence, for primary screening of weak radioactive sources, large-sized plastic 
scintillators were utilized as gross counting detector materials [12]. In practice, once 
the portal monitors alarm, further secondary screening with handheld radioisotope 
identification detectors based on scintillation crystals, such as NaI:T] and LaBr3:Ce, 
is inevitably needed [13]. 

Detection materials capable of countering and identifying radiological sources 
in a single mode could enhance the screening efficiency [14]. Nonetheless, the 
widely deployment of single crystal scintillators are constrained by high use cost 
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and challenges in large-sized crystal production [15]. Thus, the need for affordable, 
stable and scalable plastic scintillators offering gamma spectroscopy has aroused 
extensive research interests. Continuous attempts aiming at developing plastic scin- 
tillators capable of gamma spectroscopy via the incorporation of organometallics 
to enhance the photoelectric effect by increasing Z.g¢ have been proven to be 
an effective approach [16]. There are several significant limitations that preclude 
toward gamma-ray spectroscopy. Since plastic scintillators are mainly composed of 
carbon and hydrogen, the limited solubility of large polarized organometallics in 
polymer matrix is the first major roadblock to be solved [17, 18]. In addition, the 
incorporation of organometallics is often detrimental to scintillation light yield due 
to heavy-atom quenching effect [19, 20]. Nonetheless, substantial progresses had 
been made to develop organometallic-loaded plastic scintillators possessing gamma 
spectroscopic capability. We will herein review recent studies on organometallic- 
loaded plastic scintillators, such as bismuth, lead, and tin-based compounds. 


2 Bismuth-Loaded Plastic Scintillators 


Bismuth (Bi) is the heaviest non-radioactive element with low toxicity. Introduction 
of bismuth to plastic scintillators dramatically improved sensitivity to gamma 
radiation, and can provide distinct photopeaks for practical gamma spectroscopy. 
Thus, the development of organobismuth-loaded plastics has received extensive 
attention [21—27]. 

As shown in Fig. la, Cherepy et al. developed BiPh3-loaded plastics based on 
polyvinylcarbazole (PVK) polymer [24]. The maximum loading of BiPh3 is 40 wt%, 
resulting in a high Zg of 26. It has a light yield of 12,000 photons/MeV and an 
energy resolution of 9.0% at 662 keV. When iridium compound (Flrpic) replaced 
the standard organic fluor diphenylanthracene (DPA) toward triplet-harvesting, the 
light yield and energy resolution can be improved to 30,000 photons/MeV and 6.8% 
at 662 keV, respectively. Nonetheless, several drawbacks still need to be addressed, 
such as the high cost of PVK and a slow response time of 1.2 js. Subsequently, 
Cherepy ef al. developed a promising alternative of bismuth compound, bismuth 
tripivalate (Bi(OPiv)3), with high solubility in non-polar polyvinyl toluene (PVT)- 
based polymer matrix [26]. The existence of tripivalate group provides excellent 
solubility in the non-polar polymer matrix, offering the loading content as high 
as 29 wt% Bi element (70 wt% Bi(OPiv)3) without degrading transparency. As 
shown in Fig. 1b, an energy resolution of 15% at 662 keV and a light yield 
of 5000 photons/MeV can be realized in a plastic sample containing 15 wt% 
Bi(OPiv)3. The partially resolved photopeak includes a strong escape peak from 
209Ri Ka X-ray. 

Recently, scale-up of above-mentioned Bi-loaded plastic with a higher Bi- 
loading content (20 wt% Bi(OPiv)3) with a size of 16 in.? has been achieved [27]. It 
exhibits a moderate energy resolution of 22% at 662 keV (Fig. 2a). These Bi-loaded 
plastics can be applied for use in the existing radiation portals, and detect radiation 
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Fig. 1 (a) Pulse height spectrum obtained with BiPh3-loaded plastic scintillator under '3’Cs 
source [24]. DPA was used as the standard blue-emitting organic fluors (top). FIrpic was used as 
the green-emitting fluors for triplet-harvesting (bottom). The inset photos show the sample used, 
illuminated by a UV lamp. (b) Pulse-height spectrum with !37Cs, acquired with a 2 in.? 15 wt% 
Bi(OPiv)3-loaded plastic scintillator based on PVT matrix [26] 
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Fig. 2 (a) Pulse height spectrum obtained with 20 wt% Bi(OPiv)3-loaded (8 wt% Bi) plastic 
scintillator under !37Cs source [27]. (b) Pulse height spectrum obtained with 20 wt% Bi(OPiv)3- 
loaded (8 wt% Bi) plastic scintillator under 241 Am and >’Co sources [27]. (¢) The photo of 16 in? 
20 wt% Bi(OPiv)3-loaded plastic scintillator, shown under daylight and UV excitation [27] 


photons in the 30-200 keV range, as depicted in Fig. 2b. Well-resolved photopeaks 
can be observed in the gamma spectra of these plastic scintillators under 74! Am and 
°7Co gamma sources irradiation. 


3  Lead-Loaded Plastic Scintillators 


Lead (Pb), as a non-radioactive heavy element except bismuth, is still of 
great scientific and practical interest. Organolead compounds, as the earliest 
organometallics to be studied in plastic scintillators for the detection of gamma 
rays, can be dated back to 1965 [28]. Lead loading markedly increased their low 
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Fig. 3 (a) Pulse height spectra obtained with the lead-loaded plastic scintillator under 74! Am 
(60 keV) and !37Cs (662 keV) sources [33]. (b) Pulse shape discrimination (PSD) Figure of Merit 
(FOM) of the lead-loaded plastic scintillator [33] 


energy photon detection efficiencies, however, photopeaks toward gamma rays 
were absent for p-triphenyllead styrene, triphenyl-4-ethylphenyllead, or triphenyl- 
2,4-dimethylphenyllead loaded plastic scintillators. It can be attributed to the 
quenching effect of organolead. Hereafter, significant efforts has been made to 
develop organolead-loaded plastic scintillators [29-33]. For instance, the use of 
dicarboxylic lead (Pb(MMA)>) was reported by Matthieu Hamel [32]. However, the 
incorporation of Pb leads to a serious luminescence quenching, causing a low light 
yield of 200 photons/MeV. Subsequently, a novel plastic scintillator loaded with 
organolead was reported by E. van Loef [33]. Under X-ray excitation, the spectrum 
of lead-loaded plastic scintillator consists of a broad emission band between 350 
and 600 nm, peaking at 450 nm. Figure 3a shows the pulse height spectra of this 
novel plastic scintillator under *4'Am and !3’Cs gamma sources irradiation. It 
can achieve a light yield of 9000 photons/MeV and an energy resolution of 10% 
at 662 keV. In addition, n and y-ray pulse shape discrimination capability with a 
Figure of Merit (FoM) of 2.66 was obtained (as shown in Fig. 3b). 


4 Tin-Loaded Plastic Scintillators 


Tin (Sn) is also a highly potential element to increase the Z,y of plastic scin- 
tillators. Sandler and Tsou initially reported that p-triphenyl-4-ethylphenyltin and 
copolymerized p-phenyltinstyrene loaded plastic scintillators were able to resolve 
photopeaks in pulse height spectra [18, 28]. It also pointed out that the scintillation 
efficiency is approximately independent of whether the organometallic is loaded 
by physical mixing means or by copolymerization. Moreover, the scintillation 
efficiency can be improved by the use of a more efficient fluor [18, 28]. Thus, 
organotin compounds were identified as a suitable choice to increase gamma- 
ray sensitivity due to sufficient effective atomic number. In addition, there are 
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Fig. 4 (a) Pulse height spectrum obtained with a 1 in. diameter plastic scintillator sample made 
with magic tin under 662 keV gamma-ray excitation [36]. (b) PSD scatter plot of the 1 in. diameter 
plastic scintillator made with magic tin obtained with a 7+! Am/Be source 


many kinds of organotin compounds as promising candidates in terms of chemical 
compatibility, high solubility, and commercial availability [34]. 

In 2000, G. I. Britvich et al. fabricated 17 wt% tin tetraphenyl (SnPh4)-loaded 
plastic scintillator with polystyrene (PS) as matrix [31]. However, the Sn loading 
is only 2.4 wt%, resulting in limited improvement of gamma sensitivity. Patrick 
L. Feng et al. prepared a series of polystyrene (PS)-based plastic scintillators 
loaded with organotin compounds, and studied the effect of distance-dependent 
quenching (DDQ) on gamma spectroscopy [35]. It proves that DDQ is related to 
radiative energy transfer from host matrix to fluorophore and non-radiative heavy 
atom quenching. The radiative energy transfer, also known as Foster Resonant 
Energy Transfer (FRET), is dominated when the separation distance is more 
than 5 A but less than 20 A. Based on that, various tin-containing compounds 
with steric distances within 10 A were investigated. In the case of tributyltin 
methacrylate (Bu3Sn(MA)), it possessed a favorable steric distance of 6.54 A and 
a co-polymerized methacrylate ligand group. The maximum tin loading content 
can be 15 wt%. Its energy resolution at 662 keV can reach 10.9%. In 2016, 
Edgar V. van Loef et al. designed and synthesized a new organotin compound 
(magic tin) [36]. They successfully prepared a | in. diameter PS-based plastic 
scintillator containing 50 wt% so-called “magic tin”, and achieved a light yield of 
7000 photons/MeV and an energy resolution of 9.8% at 662 keV (Fig. 4a). This 
is the best ever energy resolution obtained (at 662 keV) with a plastic scintillator. 
It also exhibits good neutron-gamma PSD with a FoM of 1.3 at 2.5 MeV cut-off 
energy (Fig. 4b). Subsequently, the Radiation Monitoring Devices, Inc. achieved 
the commercialization of these “magic tin’-loaded plastic scintillators [37]. They 
typically have a superior energy resolution of 10% at 662 keV and a high light yield 
of 10,000 photons/MeV. They could be regarded as low-cost, practical neutron and 
gamma scintillators. 

These impressive results motivate us to develop novel organotin-loaded plastic 
scintillators for gamma-ray spectroscopy applications. Very recently, we reported 
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Fig. 5 Molecular structures of organotin compounds, including tributyl(1-ethoxyvinyl)tin 
(Sn-1), allyltributyltin (Sn-2), tributyltin acrylate (Sn-3), tributylphenyltin (Sn-4), and 2- 
(tributylstannyl)thiophene (Sn-5) 


Table 1 Properties of 20 wt% organotin compounds loaded plastic scintillators 


Materials Sn-1 Sn-2 Sn-3 Sn-4 Sn-5 
Organotin loading (wt%) 20 20 20 20 20 

Sn (wt%) | 6.59 7.17 6.57 | 6.47 6.36 
Zepf | 18.8 19.3 188 | 18.7 18.7 
Light yield (photons/MeV)* | 7100 5100 5500 | 6700 7000 
Energy resolution at 662 keV (%) | 11.7 13.8 18.1 | 13.8 13.3 


“Light yield compared with EJ-200 with the same size as reference 


polyvinyl toluene (PVT)-based plastic scintillators highly loaded with five different 
kinds of organotin compounds (as shown in Fig. 5) [38]. In this work, a protocol 
of increasing solubility by using liquid organotin compounds as additives was 
reported, which makes it much easier to dissolve the dopant into matrix in any ratio. 
These newly developed Sn-loaded plastic scintillators demonstrate the capability of 
gamma spectroscopy detection with fast decay characteristics. 

The physical and scintillation properties of plastic scintillators loaded with 
20 wt% of five organotin compounds were summarized in Table 1. The maximum 
organotin loading ratio of 33 wt% (10.8 wt% Sn) was achieved in the tributyl(1- 
ethoxyvinyl) tin (Sn-1). The PVT plastic scintillator containing 20 wt% Sn-1 
exhibits the optimal performance, providing gamma-ray spectroscopy with a light 
yield of 7100 photons/MeV and an energy resolution of 11.7% at 662 keV. The pulse 
height spectra under !37Cs gamma-ray irradiation are shown in Fig. 6. Although the 
scintillation light yield decreases from 9800 for un-loaded to 5400 photons/MeV for 
30 wt% Sn-1 loading ratio, the photopeak can be well-resolved in all Sn-1 loaded 
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Fig. 7 Plastics loaded with 30 wt% Sn-1 under day light and 365 nm UV illumination: (a) ®25 
mm x 5 mm, (b) ®51 mm x 5 mm. Plastics loaded with 30 wt% Sn-S under day light and 365 nm 
UV illumination: (c) ®25 mm x 5 mm, (d) ®51 mm x 5 mm 


samples (Fig. 6a). As shown in Fig. 6b, the photopeaks can also be well identified 
for all Sn-5 loaded plastics. Like Sn-1 loaded samples, the light yield decreases with 
the increase of Sn-5 loading concentration. 

To investigate the practical application of these organotin compounds loaded 
plastics, 1 and 2 in. diameter plastic scintillators containing 30 wt% Sn-1 and Sn-5 
were synthesized, respectively. Plastics under day light and 365 nm UV illumination 
are shown in Fig. 7. It is clear that the optical quality of plastics loaded with Sn-5 is 
better than that of Sn-1 loaded one. 
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Fig. 8 The '37Cs gamma spectrum of 30 wt% Sn-1 loaded samples with a size of: (a) ©25 
mm x 5 mm, and (b) ®51 mm x 5 mm. The !77Cs gamma spectrum of 30 wt% Sn-5 loaded 
samples with a size of: (¢) ®25 mm x 5 mm, (d) ®51 mm x 5 mm 


Figure 8 shows the pulse height spectra of | and 2 in. diameter plastic scintillators 
loaded with 30 wt% Sn-1 and Sn-5 under !?’Cs irradiation. All samples show a 
well-resolved photopeak. The light yield of 1 and 2 in. diameter plastics loaded 
with 30 wt% Sn-1 was estimated as 4700 and 4600 photons/MeV, respectively. The 
EJ-200 with a light yield of 10,000 photons/MeV was used as a reference. When the 
size of Sn-1 loaded plastic increased from 1 to 2 in. diameter, its energy resolution 
degraded from 16.8% to 19.6% at 662 keV. For 30 wt% Sn-5 loaded plastics, 1 in. 
diameter sample has a light yield of 5400 photons/MeV and an energy resolution of 
14.4% at 662 keV. When being scaled up to 2 in. diameter, the light yield and energy 
resolution of the Sn-5 loaded plastic decreased to 5100 photons/MeV and 17.8% at 
662 keV, respectively. Thus, compared with plastics loaded with Sn-1, Sn-5 loaded 
samples perform better in terms of gamma spectroscopy capability. It is associated 
with a higher transparency of the larger size sample. 
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5 Phosphorescent Sensitizers-Loaded Plastic Scintillators 


In traditional plastic scintillators, ionizing radiation produces both singlet (25%) 
and triplet excitations (75%) [39]. The proportion of triplet excitations is largely 
increased in particular for the organometallics loaded plastics. Triplet state radiative 
decay is a forbidden transition, so triplet state tends to be long-lived and overall 
more susceptible to undergo non-radiative decay [40]. Heavy metal organic phos- 
phorescent compounds can harvest both singlet and triplet excitons to enhance 
quantum efficiency [41-43]. Thus, the attempt on plastic scintillators loaded 
with phosphorescent sensitizers is currently an effective route to enhance both 
scintillation light yield and Zoey. 

In 2007, Campbell and Crone proposed plastic scintillators with iridium(IDtris[2- 
(4-totyl)pyridinato-NC7] [Ir(mppy)3] as phosphorescent sensitizers [44]. The 
scintillation light yield is improved to 32,000 photons/MeV. However, due to 
the limited solubility of Ir(mppy)3, it can only be used in the form of thin film 
(thickness <5 jtm), and thus cannot meet the practical application requirements 
of detectors. In addition to iridium complexes, plastic scintillator films with 
tris(dibenzoylmethane)mono(1,10-phenanthroline)europium(I) (Eu[DBM]3phen) 
complex as phosphorescent dopants demonstrate a moderate scintillation yield 
of 5650 photons/MeV, but with a penalizing undesired long scintillation decay 
of 469 js [45]. Quite a few efforts were devoted to finding low-cost metal 
compounds to replace iridium compounds toward cost-efficient and high- 
performance luminescence of organocopper complexes or fully organic systems 
[46-48]. In particular, blue-emitting cuprous compounds have attracted extensive 
attention, and some cuprous compounds have shown thermally activated delayed 
fluorescence (TADF) and effective singlet emitting in OLEDs [49-51]. Motivated 
by the excellent performance of Cu(I) complexes as luminescent emitters, we aim 
to study the effects of organic copper compounds with high photoluminescence 
quantum yield (PLQY) on the optical and scintillation properties of plastics for 
radiation detection applications. Though cuprous compounds can advantageously 
replace iridium ones in OLED systems, to the best of our knowledge, there is 
only a single publication which reports the use of a chlorine-loaded copper iodide 
phosphor in a composite scintillator [52]. 

Recently, we reported novel plastic scintillators loaded with deep-blue-emitting 
phosphorescent sensitizer Cul(PPh3)2(t-BuPy) (high PLQY up to 100%) [53], 
where PPh3 and ¢-BuPy stand for triphenylphosphine and 4-tert-butylpyridine, 
respectively. Transparent plastic scintillators with varying concentrations of 
Cul(PPh3)2(t-BuPy) from 0.5 to 3 wt% have been synthesized, with high optical 
transmittance of over 80%. We explored the y-ray response of Cul(PPh3)o(t- 
BuPy)-loaded plastic scintillators under !3’Cs source. The light yield significantly 
decreased from 9800 to 3800 photons/MeV with increasing Cul(PPh3)2(t-BuPy) 
concentration. We further studied the scintillation response of Cul(PPh3)2(t- 
BuPy)-loaded plastic scintillators under alpha-particle irradiation. The light yield 
decreased from 380 to 130 photons/MeV with increasing Cul(PPh3)2(t-BuPy) 
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Fig. 9 Schematic illustration of energy transfer processes in Cul(PPh3)2(t-BuPy)-loaded PVT 
plastic scintillators 


loading concentration. The scintillation yield deterioration under !’Cs and 77°Pu 
irradiation is probably associated with inefficient energy transfer from PVT to 
Cul(PPh3)2(t-BuPy) and from PPO to Cul(PPh3)2(t-BuPy), and the low-efficiency 
emission of Cul(PPh3)2(¢-BuPy). 

Based on the photoluminescence and scintillation properties of Cul(PPh3)o(t- 
BuPy) loaded plastics, the possible energy transfer paths were proposed in this 
system (Fig. 9): (1) PVT — PPO — POPOP, (2) PVT — Cul(PPh3)2(t-BuPy), and 
(3) PVT — PPO — Cul(PPh3)2(t-BuPy). These three paths are co-existent. In this 
system, the emission of Cul(PPh3)2(t-BuPy) is very weak, and the energy transfer 
from Cul(PPh3)2(t-BuPy) to POPOP is not favorable considering their respective 
emission and absorptions. Thus, (2) and (3) energy transfer paths account for energy 
loss due to inefficient energy transfer. Furthermore, it is interesting that plastic 
scintillator containing Cul(PPh3)2(t-BuPy) also showed a/y PSD performance due 
to its triplet harvesting capability. 


6 Summary and Outlook 


The incorporation of heavy metal elements to plastic scintillators has been accom- 
plished through the form of organometallics. Toward gamma spectroscopy applica- 
tions, this chapter briefly reviews several representative examples of heavy metal 
loaded plastic scintillators, such as Sn, Pb and Bi loading. Despite substantial 
progresses have been made in the development of organometallic loaded plastic 
scintillators, due to the quenching effect of organometallics additives, there is 
always a tradeoff between the desired gamma spectroscopy performance, such 
as light yield, energy resolution, and gamma detection sensitivity. A recent case 
that combination of organobismuth and iridium complex (triplet-harvesting fluors) 
loaded plastic scintillators provides a new horizon to achieve decent scintillation 
yield and high gamma sensitivity simultaneously. Therefore, bimetallic system 


Metal-Loaded Plastic Scintillators Toward Gamma Spectroscopy Applications 241 


compounds composed of two organometallics, namely one has a high Z,¢ and the 
other has a triplet-harvesting capability, deserve to be explored further. 
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